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Für
Sarah Jung.
One, remember to look up at the stars and not down at your feet. Two, never give up
work. Work gives you meaning and purpose and life is empty without it. Three, if you
are lucky enough to find love, remember it is there and don’t throw it away.
Stephen Hawking

Abstract
The pollution of aqueous systems with rare earth elements (REEs) and heavy metals
causes serious problems for environmental and human health. Therefore, the detec-
tion of such elements is of uttermost importance. Currently used methods have some
disadvantages, such as high measurement costs, or complex sample handling. The
combination of biological components and nanomaterials offers a way to offset these
disadvantages. Microorganisms have developed strategies to protect themselves from
heavy metal toxicity, e.g. by binding the metal ions on their cell surface with special
Surface layer (S-layer) proteins. They consist of a monolayer of identical proteins, which
can self-assemble and form a highly ordered crystalline structure of varying symmetry.
Studies on the heavy metal binding of S-layer proteins have demonstrated their affinity
for metal ions, including REE. The combination of nanomaterials with S-layer proteins
enables the development of new sensors for these elements.
Within this dissertation several nanomaterials in combination with S-layer proteins
were investigated to obtain sensors for REEs and heavy metals. Eight different S-layer
proteins were used to functionalize AuNPs, flat gold surfaces and nanodiamonds (NDs)
for the detection of up to 12 metal ions in water.
Colorimetric sensor systems with biofunctionalized AuNPs for the detection of REE
and heavy metals, including the newly emerging pollutants lanthanum and gadolinium,
were established. The detection limits of reference measurements and spiked tapwater
samples were in the range of comparable AuNPs systems for the detection of heavy
metals, while offering a broader range of metal ions to detect. The screening of all eight
S-layer-AuNP biohybrids with 12 metal ions revealed specific interaction patterns for
each of the combinations. The optimization cost and resource is achieved by storage
up to three months and reusability of the S-layer-AuNP biohybrids. Surface plasmon
resonance (SPR) spectroscopy enabled the measurement of S-layer proteins binding to
flat gold surfaces, resulting in a stable protein layer used for the subsequent detection
of CuSO4, NiCl2 and YCl3. The SPR chips were succesfully regenerated and reused for
multiple functionalizations with S-layer proteins.
The S-layer protein SslA from S. ureae ATCC 13881 was successfully adsorbed to
the pristine NDs by physical conjugation. The NDs/SslA conjugates were used for
the detection of CuCl2 and NiCl2, by measuring the agglomeration of the NDs and
fluorescence quenching.
The presented systems can detect a broad range of metal ions, achieving the sensitiv-
ity of current systems, while offering minimal sample preparation, rapid detection and
easy analysis. This project has shown the tremendous potential of S-layer proteins for
the detection of REE and metal ions in water, by utilizing different detection systems
like colorimetric AuNPs assays, SPR spectroscopy and NDs.

Kurzfassung
Die Wasserverschmutzung durch Seltenen Erden (REEs) und Schwermetallen verur-
sacht viele Probleme für die Umwelt und die menschliche Gesundheit. Daher ist der
Nachweis solcher Elemente von hoher Priorität. Derzeit verwendete Methoden haben
einige Nachteile, wie hohe Messkosten, beschränke Selektivität, komplexe Handhabung
oder der Bedarf von hochqualifiziertem Personal für die Probenanalyse. Die Kombi-
nation von biologischen Komponenten und Nanomaterialien zur Sensorentwicklung bi-
etet eine Möglichkeit diese Nachteile ausgleichen. Mikroorganismen haben evolutionäre
Strategien entwickelt, um sich vor toxischen Schwermetallen zu schützen, z.B durch
Binden der Metallionen an ihrer Zelloberfläche mit speziellen Oberflächenproteinen (S-
Layer). Diese bestehen aus einer Monolage identischer (Glyco-) Proteine, die sich selbst
assemblieren und eine hochgeordnete kristalline Struktur unterschiedlicher Symmetrie
bilden können. Studien haben die Bindung von Metallionen (einschließlich REEs) durch
S-Layer-Proteine gezeigt.
In dieser Dissertation wurden drei Nanomaterialien (Goldnanopartikel (AuNPs),
planare Goldoberflächen und Nanodiamanten (NDs)) mit acht verschiedene S-Layer-
Proteinen beschichtet. Ziel war die Entwicklung von Biohybrid-Sensor-Systemen für
die Detektion von bis zu 12 Metallionen in Wasser.
Ein kolorimetrisches Sensorsystem mit biofunktionalisierten AuNPs zur Detektion
von REEs und Schwermetallen, einschließlich der aktuell vermehrt auftretenden Schad-
stoffe Lanthan und Gadolinium, wurde etabliert. Die Nachweisgrenzen lagen im Bere-
ich vergleichbarer AuNPs-Systeme zum Nachweis von Schwermetallen, während die S-
layer-AuNP-Biohybride ein breiteres Spektrum von Metallionen detektieren konnten.
Das Screening aller acht S-Layer-AuNP-Biohybride mit 12 Metallsalzlösungen ergab
charakteristische Wechselwirkungsmuster für jede der Kombinationen und ermöglichte
den spezifischen Nachweis einer einzelnen Metallionenspezies in unbekannten Lösungen.
Eine Kosten- und Ressourcenoptimierung ist über die Lagerung bis zu drei Monate und
Wiederverwendbarkeit gegeben.
Auf planaren Goldoberflächen ermöglichten die SPR-Spektroskopie die Messung der
Adsorption von S-Layer-Proteinen, sowie die anschließende Detektion von CuSO4, NiCl2
und YCl3. Die Detektionslimits lagen dabei unter den kolorimetrischen Biohybridsyste-
men. Die SPR-Chips wurden erfolgreich regeneriert und für mehrere Funktionalisierun-
gen mit S-Layer-Proteinen wiederverwendet.
Das S-Layer-Protein SslA von S. ureae ATCC 13881 wurde erstmals an NDs adsor-
biert. Die NDs/SslA-Biohybride wurden zur Detektion von CuCl2 und NiCl 2 verwen-
det, indem die Agglomeration und das Fluoreszenzquenching gemessen wurden.
Es hat sich gezeigt, dass die vorgestellten Systeme viele der Nachteile ausgleichen,
die mit derzeit verwendeten Systemen verbunden sind. Sie detektieren eine Vielzahl
von Metallionen und minimieren so den Bedarf für mehrere Methoden. Die Nach-
weisgrenzen waren vergleichbar mit aktuellen kolorimetrischen und chemischen Kit-
Systemen. Die S-layer-AuNPs und NDs/S-layer-Biohybride waren schnell und einfach
zu handhaben, wodurch der Bedarf an hochqualifiziertem Messpersonal minimiert wer-
den kann. Darüber hinaus führt die Verwendung von kostengünstigen Materialien wie
NDs und die Wiederverwendbarkeit der Biohybride zu einem ressourceneffizienten und
kostengünstigen Nachweissystem. Diese Dissertation hat das enorme Potenzial von
S-Layer-Proteinen für den Nachweis von REEs und Schwermetallen in Wasser unter
Verwendung verschiedener Nachweissysteme wie kolorimetrischer AuNPs-Assays, SPR-
Spektroskopie und NDs gezeigt.
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Chapter 1
Motivation
1.1 Rare earth elements and their impact
In the last years the demand for rare earth elements (REEs) has increased due to the use
in a multitude of fields, including magnets, ceramics, nuclear energy, microwave equip-
ment, LEDs, photovoltaics, batteries and medical applications like radiation treatments
[1, 2]. Additionally, the global demand for REEs is projected to further increase in the
next 10 years, reaching a market growth of up to 13.7 % between 2017 and 2020 [3,
4]. Not only the demand for more REEs production poses a problem, also the supply
situation is putting a strain on the market. Due to China being the main producer of
REEs ore with a share of 85% of the global production since the 1980s, political and
economical conflicts can severely disturb the supply flow for REEs (see Figure 1.1) [3].
Currently, big industries, estimated to have a market value of over 2000 billion US$,
depend on a reliable REEs supply. There is a distinct need to overcome this monop-
olistic supply situation, by developing new, efficient recycling and recovery techniques
[3, 5]. According to studies, currently less than 1 % of the REEs are recycled [1]. The
detection and recovery of these elements would also be of financial interest, with the
metals in municipal waste water sludges in the US being valued up to 13 million US$
for a community of 1 million people [6].
With the increase in mining, production and use of REEs and heavy metals, also
the deposition of these elements into soil and water bodies increases. The antropogenic
sources for REEs emergence in the environment range from mining to industrial appli-
cations, like pharmaceutical and high-tech industries, and agricultural fertilizers [7, 8].
In some areas approximately 65 % of the cities have a high or extremely high contami-
nation level of heavy metals in soils [9, 10]. Especially soils in mining areas were shown
to be seriously polluted, simultaneously with the accumulation of REEs in populations
living in such mining areas [11, 12]. Furthermore, elevated concentration of the REEs
in human hair and blood were associated with this soil contamination [13, 14].
Not only mining and urban areas are effected. Also REEs concentrations of coastal
seawater and ground water were shown to be enriched up to 50 times higher than previ-
ously reported [15, 16]. Anthropogenic gadolinium contamination was observed in rivers
in densely populated countries, occurring simultanously with anomalously high concen-
trations of lanthanum in Rhine River, resulting from industrial waste water [17]. This
concentrations were well-above those at which ecotoxicological effects were reported
[17]. Furthermore, Berlin groundwater was reported to contain anomalously high levels
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Figure 1.1: World mine production of rare-earth oxides, by country and year, from 1960 to 2012. The
layers of the graph are placed one above the other, forming a cumulative total [19].
of gadolinium with a concentration increase between 1.5- and 11.5-fold in just three
years, deriving from gadolinium-based contrast agents used in medical applications,
such as Magnetic Resonance Imaging (MRI) [18].
Besides this financial aspects, also environmental and health effects should be taken
into account. The increased exposure to REEs and heavy metals can lead to health
problems. Heavy metals are known cause a multitude of diseases, like gastrointestinal
disorders and pneumonia by forming stable biotoxic compunds, when in contact with
biomolecules in the body [20]. Nickel and especially copper compounds are toxic at
high concentrations, with about 20% of the population having a nickel allergy [21]. The
toxicity of copper is based on the production of hydroperoxide radicals [21]. Besides
the human health detriments, also negative effects of REEs and heavy metals on plant
growth rates were shown [22, 23, 24]. A prolonged intake of gadolinium for 12 weeks
led to liver damage in male rats, as well as deaths associated with cardiovascular col-
lapse, coupled with respiratory paralysis, which were also shown for other REEs like
dysprosium, holmium, and erbium chlorides [25, 26]. This toxicity of REEs to animals
is suggested to be due to effects on the liver, lungs and blood [11]. Most of the cur-
rent studies focus on a few REE, e.g. cerium and lanthanum, which have been shown
to modulate oxidative stress in organisms, resulting in growth inhibition, cytogenetic
effects and organ-specific toxicity [27, 28]. Yttrium has been associated with the in-
hibition of calcium ion channel function, as well as lung and liver damage, pulmonary
edema and possibly lung disease [29, 30]. Although there are studies on some of the
REEs and heavy metals, there are still many unknown variables which play a role in
this scenario, e.g. the influence of combinations of REEs and the effects of long-term
exposure to REEs [11]. From the current state of the art, studies have suggested to
select zinc, cadmium, copper, mercury, chromium, lead, arsenic, cobalt, nickel, man-
ganese and iron as the priority chemical species for heavy metal pollution [12, 28]. For
REEs there are currently no such priority elements, but gadolinium and lanthanum are
proving to be two of the elements which should be taken most seriously [18].
2
1.1 Rare earth elements and their impact
Although this problem is known, the current remediation efforts were shown to be in-
adequate in managing these newly emerging pollutants, evident by a still high pollution
rating of areas with known historic heavy metal pollution and undertaken remediation
efforts [31]. The current technologies to recover REEs include chemical precipitation,
membrane filtration, coagulation-flocculation, flotation, liquid-liquid extraction, solid-
liquid extraction, ion-exchange, super critical extraction, electrowinning, electrorefin-
ing, electroslag refining [32, 33]. Among these methods, ion-exchange, adsorption and
membrane filtration are the ones most frequently studied [33]. Whereas there have been
some improvements in the efficiency of these methods, none of them are economically
attractive in the current state [33]. This is due to high costs, low yields, long reaction
times, the generation of large amounts of waste sludge and secondary pollution, and
the overall process complexity [33]. Within the last years biosorption processes were
proven to be a new promising possibility to recover REEs. They are excellent tools for
the cost effective recovery of REEs from aqueous solutions [32]. Biosorption by living
cells is based on the interactions between metals and the functional groups displayed on
the cell surface by electrostatic interaction, precipitation, ion exchange, surface com-
plexation, or active functional groups [32]. Such techniques can increase the efficiency
of water treatment plants and enable the cost-effective recovery of precious elements
like REEs.
Before remediation efforts can be undertaken there is the need to establish a baseline
of how to measure the REEs pollution in water. The measurement of heavy metal
levels in water bodies poses a range of challenges, including the species composition,
conditions at different sites, as well as differences in time of sampling during the year
[34]. Therefore, standardized techniques have to be chosen, which are easy to use and
analyze and also offer a broad range of detection possibilities.
The current techniques to determine low concentrations of rare earth elements in natu-
ral waters can be divided in two general groups: (1) the ones using highly sensitive and
complex systems, and (2) specialized test kits. Some of the commonly used techniques
from the first group are inductively coupled plasma time-of-flight mass spectrometry
(ICP-TOFMS) and inductively coupled plasma atomic emission spectrometry (ICP-
AES) interfaced with high-performance liquid chromatograhy (HPLC) [35, 36]. With
this techniques, it is possible to achieve detection limits of 37 pg/l yttrium [35]. Another
novel method, especially used for the speciation analysis of gadolinium, is hydrophilic
interaction liquid chromatography (HILIC) and inductively coupled plasma-mass spec-
trometry (ICP-MS), which yielded a detection limit below 20 pmol/l [37]. With all
these techniques the advantage of quite low detection limits of a certain range of de-
tectable elements are fullfilled. However, these techniques present some disadvantages:
a complicated sample preparation (usually in a reactor), the inherent need for costly
equipment, highly trained experts for the sample analysis, and technical difficulties, e.g.
spectral interferences in the ICP-AES for rare earth ores [36].
Regarding the second methodology used, specific kits, these are techniques which use
characteristic chemical reactions, which mainly result in a color change measured by
UV/Vis spectroscopy, by fluorescence spectroscopy or visually [38]. While they can
provide quite fast results, they are inherently limited by their design to detect only one
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specific analyte, because they are based on a specific type of chemical reaction.
To overcome these shortcomings, the development of novel materials for the detection
of metal and metalloid ions is needed. For this purpose biohybrid materials are par-
ticularly promising due to a number of advantageous properties associated with the
combination of inorganic and biologically derived materials [39].
1.2 Biosorption with Surface layer proteins
One possible system to tackle the challenges of REEs detection, environmental re-
mediation and recycling, are Surface layer (S-layer) proteins. S-layer proteins are the
outermost layer of many bacteria and archaea species [40]. Many of the bacteria with S-
layer proteins survive in extreme environmental conditions, such as high temperatures,
highly acidic environments, high salt concentrations, and high pressure. Therefore, one
of the functions of S-layers is believed to be the protection of cells from environmental
stress [41]. The most interesting mechanism for the presented problem of REEs pollu-
tion is the ability of bacteria to bind toxic metals to their S-layer [42, 43, 44, 45, 46,
47]. S-layer proteins generally consist of subunits of identical (glyco) proteins, which
can self-assemble into highly ordered crystalline structures with varying symmetries,
pore sizes and thickness [40, 48]. Previous studies have shown the binding capability of
S-layer proteins for metals and metalloids in water [42, 43, 49, 50]. Each of the S-layer
protein species has a different affinity for different elements, due to the adaptation to
the respective environments of the bacteria. This naturally occuring biosorption ca-
pability can be exploited in a variety of nanotechnological applications, including the
adaptation for sensors, as well as the use in water treatment systems [51, 52, 53, 54].
One example of this kind of sensor platform is the detection of arsenic in water with
colloidal gold nanoparticles (AuNPs) functionalized with the S-layer protein SlfB of
Lysinibacillus sphaericus JG-A12 (Figure 1.2.) [55].
Figure 1.2: Illustration of the detection of metal ions with AuNPs functionalized with the SlfB S-layer
protein of L. sphaericus JG-A12. After Lakatos et al. 2015 [55].
Such a system has the advantage of enabling a high sensitivity, while not relying on
only one specific interaction and therefore enabling the detection of multiple elements
with one system. The SlfB S-layer of L. sphaericus JG-A12 has been shown to be able
to bind a whole range of metal ions such as aluminium, cadmium, copper, lead, nickel
and uranium, as well as precious metals [43, 49, 56]. Therefore, the system offers the
possibility to detect a whole range of metals, including REEs. The binding of a broader
4
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range of metal ions, as well as the distinction of multiple elements in solution could be
achieved by combining different S-layer proteins into one assay.
1.3 The potential of nanomaterials
The talk of Richard Feynman in 1959 has first sparked discussions on the possibility to
use nanoscale materials for various applications [57]. While there was indeed "plenty
of room at the bottom", as Feynman proposed, it took more than 20 more years, un-
til further steps towards nanotechnology as we know it today, were taken. In 1981
Eric Drexler coined the term ’nanotechnology’, describing materials at the nanoscale,
capable to perform specific tasks [58]. Within these last years, nanotechnology and
nanomaterials have developed to be not only an area of great scientific interest, but
also of enourmous market value with applications in many fields, such as industry,
biology, medicine, and computing [59].
According to the International Organization for Standardization (ISO) nanomaterials
are defined as a "material with any external dimension in the nanoscale [1 to 100 nm] or
having internal structure or surface structure in the nanoscale" [60]. This inclues nano-
objects, which are materials with at least one dimension in the nanoscale, and nanostruc-
tured materials, which have internal or surface structures on the nanoscale. Therefore,
nanomaterials can be zero-dimensional (nanoparticles), one-dimensional (nanorods,
nanowires) and two-dimensional (thin films) [61].
The nanoscale can result in changes of the overall properties of the material, in-
cluding electrical properties, magnetism, absorption and fluorescence, enabling new
applications, which the bulk materials do not provide [62].
Especially for sensing applications nanomaterials offer the advantage of optimizing
the resource efficiency, due to the drastic increase of the specific surface area (surface
area per mass) with decreasing diameter. Nanoparticles represent the optimum of this
characteristic, due to all three dimension being on the nanoscale. Colloidal AuNPs are a
very specific class of nanomaterials, with various size dependent properties like UV/Vis
absorption and fluorescence [63]. The overall simple synthesis methods available enable
the cost effective production of this material [64]. Furthermore, the AuNPs offer a broad
range of possibilities for functionalization and their agglomeration behavior results in
a fast and easy to detect signal, enabling the use in many sensing applications with
proteins, antibodies and aptamers [65].
Another class of nanomaterials that can be utilized for sensor applications are nan-
odiamonds (NDs). The unfunctionalized NDs offer very unique characteristics, like
high hardness, high thermal conductivity, electrical resistivity, chemical stability and
biocompatibility [66, 67]. Additionally, on the nanoscale new properties, like non-
bleaching fluorescence, emerge [68]. Similar to the AuNPs, various surface groups allow
for a broad range of functionalizations with biomolecules for sensing applications.
The utilization of both biological components, like S-layer proteins, and inorganic
nanomaterials offer the opportunity to develop new biohybrid materials. These new
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materials combine the advantageous properties of both components, giving rise to a
whole new area of applications and solutions for current challenges [39].
1.4 Aim of this dissertation
The particular interest of this PhD thesis work lies in the development of novel sensor
systems for metal ions in water. These systems aim to solve the challenges presented by
currently used systems for REEs and heavy metals detection. More specifically, they
should have a high sensitivity, evident by comparable detection limits and should be
able to detect not only one metal ion species, but multiple, resulting in a measurement
of multiple metal ions at once. Furthermore, the sensors should be easy to handle,
minimizing the need for highly qualified staff and enabling a more widespread use in field
applications. Lastly, such systems aim to minimize the equipment and measurement
costs and optimize resource efficiency.
The focus of this work is the development and characterization of new biohybrid
sensor systems for the detection of heavy metals and REEs in aqueous environments.
The sensor systems consist of two components, one biological and one inorganic. Bac-
terial S-layer proteins were used as the biological material, due to their high affinity
for metal ions and their self-assembly properties. The inorganic components were gold
nanoparticles (AuNPs), flat gold surfaces and nanodiamonds (NDs).
Preliminary studies on the metal ion binding of bacteria cells and S-layer proteins
aim to determine their suitability for further sensor development and deepen the under-
standing of the interactions of S-layer proteins with metal ions. Once the interaction
between S-layer and metal ions is confirmed, colorimetric sensor systems will be de-
veloped by using optically active inorganic AuNPs, and their functionalization with
S-layer proteins, which aim to achieve a high sensitivity and selectivity. AuNPs are a
promising material, which enables the development of easy to use sensor systems, due
to their clear colorimetric signal. The focus of this part of the thesis work is to assess
the behavior of S-layer-AuNP biohybrids, in the presence of a variety of ions or ionic
complexes of heavy metals and REEs with different S-layer proteins, in order to deter-
mine their suitability in sensor applications in an aqueous environment. In particular,
the specific binding affinity and the impact of several physico-chemical factors (such
as pH and ionic strength) occurring in application-relevant waters (e.g. tap water and
industrial waste water) on the sensitivity and stability will be investigated.
Additional sensor systems will be used to determine the possibility to adapt S-layer
sensing to flat sensor surfaces and different nanoparticles. Specifically gold surfaces will
be used to assess if the flat surface presents a different behavior in respect to the AuNPs,
enabling the direct comparison of the two systems. Surface plasmon resonsance (SPR)
spectroscopy will be used to study the behavior of S-layer proteins on flat surfaces and
their subsequent interactions with metal ions. Flat sensor surfaces can offer different
binding parameters and especially SPR can enable the development of Lab-on-a-chip
systems.
Finally, biohybrids with S-layer proteins and NDs will be prepared to study a differ-
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ent kind of sensor, resulting in a fluorescence signal, instead of absorbance. NDs will be
utilized as another nanoparticle moiety, due to their rich surface groups, biocompatibil-
ity, fluorescence properties and low-cost production. The use of different nanomaterials
can give more insights into advantages and drawbacks of the respective systems.
Such biohybrid systems are aimed for applications in the analysis of drinking wa-
ter, mining and industrial process water or waste water containing environmentally
important metals (such as REEs).
1.5 Structure of this work
The dissertation is divided into five chapters. First, the Motivation gives an overview on
the challanges concerning REEs and their detection, defining the aim of the research.
In the second chapter a more detailed Introduction of the current understanding of
S-layer proteins, their biochemical properties and possible applications, as well as the
physical and chemical characteristics of AuNPs and NDs will be given. The third
chapter focuses on the used materials and methods, detailing the experiments and the
theoretical background of the used techniques. The fourth chapter contains the most
important generated experimental data, starting from the metal tolerance and binding
of exemplary S-layer carrying bacteria to determine their suitability for the subsequent
use in the biohybrids. This is followed by the characterization of the S-layer-AuNP
biohybrids, detailing their synthesis, size and the binding of the protein. The main part
of chapter four focuses on the sensor experiments with the S-layer-AuNP biohybrids, due
to the great potential of this system. The S-layer SlfB of L. sphaericus JG-A12 will be
used as an example to detail the interactions with different metal ions, including copper,
gadolinium, lanthanum, nickel, and yttrium. The differences for each of the metal ions
will be presented, as well as the influence of environmental factors like pH, influence of
counterions, cross-reactivity with multiple metal ions in one solution, miniaturization
possibilities, simulated tap water samples and the possible recovery and reusability of
this system for multiple measurements. Subsequently, the whole range of all eight S-
layer-AuNPs and metal ion combinations, which can be used for the development of a
sensor assay, will be presented. Next, the adaptation of S-layer protein sensing to flat
gold surfaces on SPR spectroscopy systems will be shown. The differences between flat
and curved surfaces for the detection of nickel and yttrium with S-layer proteins will
be discussed. Lastly, chapter 4 will close with the adaptation of the S-layer sensorics
from AuNPs to NDs with the S-layer protein SslA of S. ureae ATCC 13881. The
NDs/SslA conjugates will be characterized regarding their ionic and pH stability and
detection of copper and nickel via fluorescence wil be shown. Chapter five will give an
overall summary of the findings with an outlook on further research and application
opportunities.
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Chapter 2
Introduction
2.1 Surface layer proteins
2.1.1 S-layer research history
S-layer proteins were first described by Houwink in 1953 [69]. Nevertheless, it took
more than 20 years until the frequent occurence of this protein-layer on the cell surface
of many bacteria and archaea was shown [70, 71]. The term ‘S-layer’ (surface layer)
was first introduced by Sleytr in 1976 [71]. Subsequently, a definition of S-layers was
established as: "Two-dimensional arrays of proteinaceous subunits forming surface lay-
ers on prokaryotic cells" [72]. A short overview on the history of S-layer research and
some important milestones are shown in Table 2.1.
Table 2.1: Milestones of S-layer research.
Year Milestone
1953 First evidence of a monomolecular array in a bacterial cell
wall fragment [69]
1986 First nanobiotechnological application of S-layer proteins:
Use of S-layer lattices for the production of ultrafiltration
membranes with defined molecular sieving properties [73,
74]
1989/1991 S-layers as combined carrier/adjuvants for conjugated vac-
cines [75]
2002/2008 First atomistic structures of archaeal and bacterial S-layer
protein domains, obtained from X-ray studies [76, 77]
2003 First use of S-layer proteins in composites for the recovery
of metal ions from water [42]
A simple screening method for S-layer proteins is the non-destructive release of S-layer
sheets by enzymatic hydrolysis of the underlying peptidoglycan layer using lysozyme,
and confirmation of the presence of regular S-layers by atomic force microscopy (AFM)
or transmission electron microscopy (TEM) [78]. More than 300 S-layer carrying bac-
terial strains have been identified, representing 93 genera, and belonging to all major
phylogenetic groups of prokaryotes [41]. Overall, more than 600 bacteria and archaea
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species were described to feature S-layer proteins [79]. S-layer proteins are abundant in
nearly all archaea described to date, with predominantly hexagonal lattice symmetry
[80]. This common occurrence results in S-layer proteins being one of the most com-
mon outermost envelope components observed in prokaryotic organisms (archaea and
bacteria) and being one of the most abundant biopolymers on earth [48, 81, 82].
2.1.2 General S-layer characteristics
S-layer proteins are the outermost layer of many bacteria or archaea and consist of iden-
tical (glyco-)proteins (Figure 2.1) [83]. The monomeric proteins (30 - 220 kDa) are con-
nected by relatively weak bonding forces (e.g. salt-bridging, ionic-bonding, hydrogen-
bonding and hydrophobic interaction). The interaction between the monomeric units
is much stronger than the one with the surface below the layer [41, 71, 84]. S-layer pro-
teins have a mushroom-like morphology with pillar-like domains, which are anchored to
the plasma membrane, a smooth topography for the outer face (with respect to their
orientation at the cell surface), and a more corrugated inner side [81, 85]. S-layer lat-
tices are generated by the self-assembly of proteinaceous subunits on the surfaces of
prokaryotes, so that planar, monomolecular-thick crystalline lattices are formed, with
an average center-to-center spacing of less than 25 nm [40]. Some archaea were de-
scribed to have S-layers consisting of two different proteins [80]. Organisms can possess
multiple S-layer genes and even assemble different superimposed S-layers on their sur-
face [48]. Bacillus anthracis for example has two abundant surface proteins, which are
compatible, but neither of them is required for the correct formation of the other [86,
87].
Figure 2.1: Surface representation of the modelled SbsB S-layer, tilted in side view. Monomers are
coloured in greyscale (light to dark from N terminus to C terminus). For clarity, one
monomer is colored with the different domains (I-VII) in different color [88].
S-layer lattices can have oblique (p1, p2), square (p4), or hexagonal (p3, p6) symme-
try, with lattice constants of 3 - 35 nm (Figure 2.2) [81]. The symmetry is determined
by the number and structure of the monomeric subunits involved in forming one unit-
cell (one, two, three, four, or six) [81]. In many of the S-layer proteins multiple distinct
classes of pores with a diameter of 2 - 8 nm were identified [53].
The average molar mass of S-layer proteins ranges from 40 - 200 kDa [53]. Bacterial
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S-layer lattices are generally between 5 and 20 nm thick, whereas S-layer lattices of
archaea are up to 70 nm thick [53]. S-layer proteins were shown to be stable in a pH
range from 4 - 11, with a sharp change in the ordered structure at higher pH [89]. They
have a high similarity to other cell surface proteins, e.g. nano-grappling hooks ("hami")
in Candidatus Altiarchaeum hamiconexum [90].
Figure 2.2: Illustration of the various S-layer lattice types. In the oblique lattice, one morphological
unit (red) consists of one (p1) or two (p2) identical subunits. Four subunits constitute
one morphological unit in the square (p4) lattice type, whereas the hexagonal lattice type
is either composed of three (p3) or six (p6) subunits [53].
Due to the occurence of S-layer proteins at the structure of the outermost layers of
many bacteria cells, they are believed to reflect evolutionary adaptations of the organ-
isms to specific environmental and ecological conditions [51]. S-layer proteins provide
prokaryotic cells with evolutionary selection advantages. They can have different func-
tional roles, including cell adhesion, protection from feeding by protozoa or phagocytes,
molecular sieves, fine-grain mineralization, bioremediation, virulence factors, antigenic
properties, anchoring sites for hydrolytic exoenzymes, receptors for phages, porin func-
tions [41, 46, 82]. They play a role in growth and survival, and their many functions
include the maintenance of cell integrity, enzyme display, in pathogens and interaction
with the host and its immune system [91]. The holes in S-layer proteins may be related
to a protective role, whereby hostile environmental agents larger than about 2 nm would
be screened from the underlying layers of the bacterial surface, while the free passage
of nutrients and waste products into and out of the cell would still be allowed [92].
Additionally, in archaea cells they are the cell shape defining framework [93]. While
there are many studies on this topic, many of the functions assigned to S-layers remain
hypothetical, because no general biological funtion has been found [72].
It has been shown that bacteria can adapt to the changing environmental conditions,
such as oxygen stress or changing temperatures, via variation of S-layer gene expression
[94, 95, 96, 97]. In response to changes in environmental salinity, Hfx. volcanii not only
modulates the N-linked glycans decorating the S-layer glycoprotein, but also the sites of
these posttranslational modification [98]. Physico-chemical changes in the surrounding
environment can lead to distinct structural alteration of S-layer proteins [99]. In some
bacteria (L. acidophilus IBB 801) certain environmental stress conditions can result in
S-layer production, which helped the strain to maintain cell viability under detrimental
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culture conditions (high incubation temperatures, presence of bile salts or NaCl, and
acidic pH) [100]. On the downside, S-layers of gram-positive and gram-negative bacteria
can be lost in the course of subculturing in the laboratory [48].
2.1.3 Biochemistry and molecular biology of S-layers
Due to the broad variety of S-layer proteins there can be substantial differences in their
structure. The overall sequence identity between the gene and amino acid sequences in
archaeal S-layer proteins is very low. For some groups, which are more closely related,
sequence homology has been reported [80]. However, there are some general structural
characteristics, which can be found in most of the S-layer proteins. They consist of a
substantial amount of turns, loops, and disordered regions [101, 102]. The N-terminal
region, attaching the S-layer proteins to the cells, is called surface layer homology
domains (SLH), and is similar in many S-layers, while the other regions exhibit less
sequence identity [103, 104]. The binding of S-layer proteins to the secondary cell
wall polymer (SCWP) is almost exclusively mediated by the SLH domain via a highly
specific interaction [105]. The mechanism of binding between S-layer proteins and
SCWPs is thought to correspond to that occurring between polysaccharides and lectins
[105]. Such an anchoring mechanism involving SLH domains and pyruvylated SCWPs
is widespread among prokaryotes and has been conserved during evolution [105]. The
position of the negatively and positively charged amino acids within the SLH domain
affects the attachment to the cell wall [106]. Interestingly, the SLH region is not needed
for the self-assembly and lattice structure generation [104].
Figure 2.3: 3D reconstruction of the S-layer proteins of S. ureae ((A),(B)) [107] and L. sphaericus
((C),(D)) [85]. The outer surfaces ((A),(C)) are distinctly different while the inner surfaces
(facing the cell wall) ((B),(D)) are strikingly similar.
The outer surfaces of S-layer proteins from S. ureae and L. sphaericus were shown
to be different in structure, while the inner surfaces, attaching the proteins to the cell
surfaces, showed a high similarity (Figure 2.3)[85, 107, 108]. This furter supports the
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notion of the N-terminal regions showing a high similarity between different S-layer
proteins. From an evolutionary point of view the attachment to the cells themselves
would not change so much between the different bacteria, because the overall cell wall
structure remains similar. However, the outer functional surface adapts to the respective
environmental factors and therefore changes more drastically.
The outer face of the S-layer is usually neutrally charged, while the inner one with the
N-terminal region is often negatively or positively charged, depending on the exposed
carboxylic acid or amino groups [81, 104]. S-layer proteins contain large amounts of
glutamic acid and aspartic acid (15 mol%), a high lysine content (10 mol%), and large
amounts of hydrophobic amino acids (40 – 60 mol%) [53, 109]. In most S-layer proteins,
20 % of the amino acids are organized as α-helix and 40 % occur as β-sheets, whereas
aperiodic folds and β-turns content may vary by 5 – 45 % [53, 81]. The isoelectric
point is generally in the range of pH 4 - 6 [53, 110]. S-layer proteins possess few or
no sulphur-containing amino acids, which results in different interactions with AuNPs,
than the commonly used thiol-groups [43, 81]. Overall, there were eight S-layer proteins
used in the course of this research project. Although all of them were successfully used
for sensing applications, two of the proteins were studied more in detail and used as
model proteins for the experiments.
2.1.4 SlfB of Lysinibacillus sphaericus JG-A12
The first of the two S-layer proteins, which will be discussed more in detail, is SlfB from
L. sphaericus JG-A12 (Figure 2.4). L. sphaericus JG-A12 was isolated from a uranium
mining waste pile in Germany. Therefore, it is adapted to such a highly polluted
environment and can accumulate high amounts of toxic metals, such as alumunium,
cadmium, copper, lead and uranium [42, 43].
Figure 2.4: (A) SEM image of L. sphaericus JG-A12 cells and (B) AFM image of S-layer sheets
recrystallized on silicon wafer.
SlfB has a square (p4) lattice symmetry with a lattice constant of 12.5 nm, a molecular
weight of 126 kDa and a calculated isoelectric point (pI) of 5.1 [42, 43, 111]. Monomers
have an hydrodynamic diameter of 10 - 20 nm, while oligomers are in the range of 20
- 30 nm [55]. Both have a positive surface charge, being +5 mV for monomers and
+15 mV for oligomers at pH 3.5 - 4 [55]. The protein consists of 1238 amino acids
with a high content of hydrophobic and acidic amino acids, a high content of lysine
and the absence of cysteine [43, 111, 112]. The analysis of the amino acid composition
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of SlfB revealed a high content of acidic amino acids aspartate and glutamate (both
residues with carboxyl groups) as well as high contents of serine and threonine (both
residues with hydroxyl groups), the latter being potential phosphorylation sites [43].
The low content of histidine, tryptophan and methionine, as well as the absence of
cysteine, is characteristic not only for SlfB but also for other described S-layer proteins
of Bacillaceae [48, 111, 113].
SlfB exhibits a high sequence identity with the S-layer proteins from other L. sphaer-
icus strains, like Slp1 of L. sphaericus JG-B53 and SlfA of L. sphaericus NCTC 9602
[110, 111]. Nonetheless, the primary structures of these three still did not show much
similarity [43]. In their secondary structure SlfB contains 35% β-sheets and little α-
helical regions [112]. This structure is stable down to a pH of 2.5, below which the
protein denaturates [112].
Analyses have shown that SlfB is much more effective in uranium binding than Slp1
of L. sphaericus NCTC 9602 [42, 49, 114]. This can be explained by a higher content of
phosphate residues in SlfB, which are known to possess high metal complexing activity,
as well as by carboxyl groups in the protein [49, 111]. Overall, a high metal binding
capacity was described for SlfB, with up to 400 mol Pd bound per mol SlfB [112]. This
strong affinity for metal ions and the overall stability of the protein was the reason why
it was chosen as model protein for the functionalization of AuNPs and subsequent use
in sensor applications.
2.1.5 SslA of Sporosarcina ureae ATCC 13881
The second protein is SslA from S. ureae ATCC 13881 (Figure 2.5). SslA has a square
(p4) symmetry with a lattice constant of 12.9 nm, a minimum thickness of 6.6 nm, and
a molecular weight of 116 - 150 kDa [92, 99, 107, 115, 116].
Figure 2.5: SEM images of (A) S.ureae ATCC 13881 cells and (B) SslA sheets recrystallized on silicon
wafer.
The protein is stable in the pH range of 7.8 - 10.8 [99]. SslA exhibits a distinct
domain structure with a massive core, sidearms, which attach to neighboring unit cells,
and spurs which connect to each other at the subsidiary symmetry axes [107]. There
are three planes in the z-direction, leading to two entirely different surface structures
on the inside and outside of the proteins (see also Figure 2.3) [107]. The secondary
structure of SslA consists of 35 % β-sheets [107]. Similar to the previously described
SlfB, SslA contains no cysteine, but high contents of lysine, threonine, glycine, alanine,
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valine, aspartic acid, and glutamic acid [99]. SslA has a high sequence identy with
S-layer proteins SlfA and SlfB of L. sphaericus strains [115]. The self-assembly process
was found to be due to a central protein domain (amino acids 341 - 925) [117].
SslA exhibits a high affinity for Mg2+, which is necessary to form its symmetric
lattice structure [99]. The Mg2+ binding sites can also be targeted by other divalent
ions. Furthermore, the growth of metal clusters on the S-layer protein by binding metal
ions was found [116, 118]. One contribution is a central HisXXXHis motif, which is a
known metal-binding motif, and quite rare in other S-layer proteins [119, 120]. Metal
cluster formation was found to take place near the pores and gaps, with 7 cluster sites
per unit cell (4 protein monomers) [116, 118]. The metal complexes necessary for the
cluster formation are immobilized by various amino acid residues and abundant surface
groups [116].
2.1.6 S-layer self-assembly
During billions of years of biological evolution, S-layer proteins have been optimized as
one of the simplest self-assembly systems [121]. From bacteria suspensions, a reversible
disassembly into subunits can be achieved by lowering the pH to 3 [71]. S-layer proteins
are organized into three hierarchical orders: monomers, stable dimers and hexamers,
deriving from a combination of dimers [122]. Isolated S-layer subunits can reassemble
into regular arrays without any supporting layer and can also reattach to cell surfaces
of the original cells, and other bacteria cells [71]. During crystallization, flat mono-
or double-layered sheets, ribbon-like morphologies, open-ended tubes, or screw disloca-
tions are formed, depending on the initial monomer concentration, pH, ionic strength
and presence of divalent cations (e.g. Ca2+ or Mg2+) [81]. S-layer subunits form tubes
and sheets with the respective symmetries [71]. The length of the S-layer assemblies
increases with time and can be controlled by pH [123]. Tube formation by S-layers de-
pends on the initial monomer concentration and the addition of divalent cations [124].
The self-assembly of S-layer proteins (e.g. SbpA of L. sphaericus) consists of four steps:
adsorption, condensation, relaxation and growth [125]. The adsorption is very fast (a
few minutes), while both growth and conformation change are quite slow, taking up
to 4 hours to reach the symmetrical structure [125]. Quartz crystal microbalance with
dissipation monitoring (QCMD) and real time AFM demonstrated that adsorption of
S-layer monomers from suspension is completed within 5 minutes. The amount of
adsorbed protein was sufficient for the generation of a complete monolayer. A pro-
longed incubation in buffer containing CaCl2 was mandatory for the conversion into
the symmetric crystalline structure [50]. The rapid phase of recrystallization may be
attributed to the formation of oligomeric precursor patches, which act as nucleation
sites for consecutive crystal growth [81].
The most important parameter for the recrystallization process is the presence of
divalent cations (e.g. Ca2+) in the suspension, enabling the formation of large, perfectly
crystalline monolayers as basis for patterning structures in molecular nanotechnology
[88, 123, 126]. The S-layer protein SbpA of L. sphaericus CCM 2177 needs divalent
ions for its recrystallization processes [127]. One of the ions is Ca2+, which was proven
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to engage both in protein-protein and protein-substrate interactions involved in the
recrystallization [127]. Iron-chloride has been shown to induce the formation of very
compact and smooth protein layers, which resemble the ones generated in the presence
of calcium-chloride [127]. The counter ions (chloride vs. sulphate) can influence the
final packaging and performance of the S-layer proteins [127]. During recrystallization
of the Slp1 S-layer protein of L. sphaericus JG-B53 with divalent cations, the α-helix
and β-sheet content of the proteins was not significantly altered, suggesting no change of
the protein folding in these regions [101]. For Slp1 Mg2+ prevents the self-assembly into
the basic p4 symmetry, while the addition of Ca2+ supports a defined oligomerization
process with regular 2D lattice formation [101]. Thermal stability of the S-layer proteins
is influenced by the divalent cations present in the environment [101].
The reassembly is entropy-driven, following a multistage, non-classical pathway in
which the process of S-layer protein folding is directly linked with the assembly into
extended clusters [81]. The self-assembly process of the bacterial surface layer protein
is influenced by two different interactions: protein/substrate and protein/protein [128].
The substrate charge and volume also play a critical role [128]. The reassembly path-
ways are known to differ between various plain inorganic supports (e.g. gold, silicon
dioxide, etc), with partial denaturation of the proteins on inorganic substrates [81].
Much faster formation of crystalline S-layer structures on hydrophobic samples were
reported [129]. The information for the lattice formation and orientation resides in the
proteins themselves and is not affected by the attachment to the bacterial cells [81].
However, the self-assembly was shown to be inhibited by binding of the S-layer proteins
subunits to the SCWP with their charge-neutral outer face [48].
The final tertiary structure of the S-layer protein bound within the lattice is different
from the tertiary structure of the monomeric protein before crystallization [81]. Fur-
thermore, the assembly of S-layer leads to a decrease of accessible surface residues [109].
This has to be taken into account when utilizing S-layer proteins for different surfaces
like nanospheres (AuNPs and NDs) or flat surfaces (SPR chips).
2.1.7 S-layer metal binding
Apart from their self-assembly, S-layer proteins also possess the capability to entrap
various metal ions (e.g. arsenic, chromium, cobalt, iron and mercury)[130, 131, 132].
Cultures and spores of bacteria species with S-layer proteins exhibited significant metal
biosorption capacity [45]. Active metal binding processes, e.g. due to enzymes, were
excluded as a possible explanation, because after heating the metal binding was still
detected. This suggests a structural component, like S-layer proteins, being resonsible
[45]. The metal binding capability is specific for each of the proteins and depends on the
different accessible surface groups (e.g. carboxyl, phosphoryl groups)[133, 134]. When
amino groups on S-layer proteins were replaced by neutral, bulky, or negatively charged
groups, the complexation of cations increased, while the introduction of positive charges
resulted in a decrease in metal binding [135]. The S-layer proteins exhibit selectivity
with respect to the type of ions that are bound [44, 136]. Some bacteria can even detach
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the S-layer proteins with the metal ions bound to them and have therefore developed a
higher metal tolerance [130].
S-layer proteins, e.g. SlfB and Slp1, are able to accumulate high amounts of toxic
metals such as aluminium, cadmium, copper, nickel and uranium as well as precious
metals [43, 56, 134]. Binding rates of 13.8 − 17.5 mg Ni/g SlfB and 75 mg Au/g Slp1
were reached, which were further increased by genetic modification of the S-layer protein
[50, 56]. S-layer proteins can bind uranium, with up to 3.3 atoms per heterodimer [137,
138].
Studies have shown that the metal ions are oriented in monodentate or bidentate
fashion with the phosphate and carboxylic groups at the surface of the proteins (Figure
2.6) [43, 114, 139]. The coordination of Pd(II) with SlfB was found to be due to chelation
with aspartic acid and glutamic acid residues and nitrogen from the side chains [112].
A stronger chelating agent (e.g. ethylenediaminetetraacetic acid (EDTA)) can be used
to again extract the metals from the S-layer proteins [49].
Figure 2.6: Model of the coordination of uranium (blue) with oxygen (red), phosphate (orange) and
carboxyl (grey) groups and the average distance between the atoms in angström [114].
The intrinsic bound divalent ions (e.g. Ca2+) needed for the native protein folding
and self-assembly, are bound to specific sites, which also allow the selective binding
of elements with comparable chemical properties and ionic radii. Proteins with Ca2+-
binding sites are well-known for their affinity for different lanthanides, therefore S-layer
proteins are also expected to interact with REEs [54]. Two of such Ca2+ binding sites in
SlfB were already shown to enable the binding of several REEs (including gadolinium,
holmium, lanthanum and yttrium) [54, 134]. Overall, around 15 % of the REEs were
bound, exhibiting a selective binding of the REEs compared to other heavy metals [134].
However, the S-layer proteins were still found to bind heavy metals [45]. In Slp1, noble
metal ions were found to bind much better, than lanthanides [50]. Lanthanides have
similar ionic radii to Ca2+ and target the same binding sites. An exchange of Ca2+ ions
can lead to the destabilization of the S-layer proteins and changes in their secondary
structure [139]. Competition of various cations (e.g. Cu2+ and Zn2+) further suggests
that they are targeting the same binding sites on the proteins [135].
In some S-layer proteins, the pores in the lattice were found to be the sites for
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heterogeneous nucleation of metal clusters, when the concentration of metal complexes
adsorbed in the pores increases enough to become critical for cluster nucleation [116,
133, 140]. The proposed model for the metal cluster formation on S-layer proteins
consists of four steps [116]. First, the metal complexes are immobilized by various amino
acid residues or abundant groups on the surface. Second, a surface-associated nucleation
site is formed with a reducing agent. Third, cluster growth consumes locally enriched
complexes or nearby clusters and thereby attenuates competitive cluster growth locally.
In this way the metal clusters from bulk suspension are formed [116].
With this specific metal binding capability S-layer proteins present an interesting
alternative for the development of sensing applications and bioremediation processes of
heavy metals [132].
Besides the metal tolerance, the metal binding of S-layer proteins can have addi-
tional beneficial effects on the bacteria, like an increased resistance of the complexed
proteins against acidic pH, due to structural stabilization from the metal-carboxylate
interactions, as well as protection against proteases [112, 141].
2.1.8 Applications of S-layer proteins
The features of S-layer proteins which are most commonly utilized for applications
are: (1) their pores with identical size and morphology (2) their functional groups on
the surface and in pores in well-defined positions and orientations, and (3) their self-
assembly and recrystallization of isolated S-layers to monolayers [142]. Applications
of S-layer proteins are found in biotechnology, diagnostics, agriculture, vaccine devel-
opment, biomimetic membranes, supramolecular engineering and nanotechnology [51].
More specifically, this includes applications as isoporous ultrafiltration membranes, and
as the matrix for immobilization of macromolecules [39, 142]. S-layer lattices can be
used as scaffoldings and patterning elements in innovative ‘bottom-up’ approaches, to
subsequently generate more complex supramolecular assemblies, devices and structures
[53, 143].
Unique protein assemblies can be exploited in nanobiotechnology by utilizing exist-
ing properties within or outside the original biological task, or expanding the functional
repertoire with new biochemical or inorganic components (Figure 2.7) [121, 144, 145].
Applications with S-layer protein monolayers as a matrix to attach various functional
molecules include glucose oxidase enzyme for the detection of glucose, antigens for an-
tibody binding, and metallic nanoclusters for reusable bionanocatalysts [118, 146, 147,
148, 149, 150, 151]. Such a S-layer patterning matrix can also be used for biosensors,
with the S-layer lattice on the surface of a biosensor being part of the interface archi-
tecture linking the bioreceptor to the transducer interface [152]. One example of this
are uranyl biosensors, in which SlfB was bound to a gold surface [153]. S-layer proteins
can be recrystallized on textile surfaces, opening up a range of nanobiotechnological
opportunities for further functionalization [154]. For commercial applications they can
also be expressed in E. coli, while retaining their self-assembly properties [155, 156,
157]. Isolated proteins were succesfully stored for up to 9 years, enabling the use in
applications with a longer lifetime [158].
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Figure 2.7: Illustration of technologies based on recombinant S-layer fusion proteins and their appli-
cations in nanobiotechnology [159].
Surface coatings with S-layer proteins are another possible application field, due to
the excellent antifouling properties of S-layers [72, 160]. Furthermore, new electronic
devices, like a flexible resistive switching memory device consisting of S-layer proteins,
were developed, demonstrating the broad potential of S-layer proteins for innovative
devices [161].
The bioaccumulation of metals on S-layer proteins is a possible alternative for bio-
mining processes, with removal rates of 75 - 96 % for gold [162]. Modified S-layer
proteins were utilized for the extraction of REEs from the acid leachate of core samples
collected at a prospective rare earth mine [163]. Biological ceramic composites (biocers)
with SlfB S-layer proteins were developed for enhanced metal binding of heavy met-
als [42]. Immobilization of the S-layer protein increased the binding rates for metals,
compared to free protein [164].
The capability of S-layer proteins to entrap multivalent ions has been used to develop
a proof-of-concept for S-layer functionalized AuNPs for the detection of arsenic in water
with a detection limit of 1.7 µM [55]. This initial concept has been extended in this
thesis to further broaden the range of analytes and study the interactions of metal ions
with the S-layer-AuNP biohybrids.
2.2 Gold nanoparticles
Gold nanoparticles (AuNPs) are a nanomaterial, which is being used for quite a long
time. One of the first historical records is the ’Lycurgus cup’, an ancient roman glass
cage cup, in which AuNPs are incorporated in the glass material to generate a dichroic
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effect [165]. The use of such nanomaterials developed from stained glass to medical
applications of nanoparticle suspensions in medieval times. The modern age of colloidal
gold suspensions began around 1850 with Michael Faraday, who published the first
characterizations of colloidal gold suspensions [166]. Faraday already established that
the color of the AuNPs suspensions was related to their size. The theoretical background
was further studied by Richard Adolf Zsigmondy and Gustav Mie, resulting in Mie’s
work on scattering and absorption of spherical particles, which was subsequently called
Mie theory [167, 168]. Starting with the 20th century, AuNPs were utilized more and
more for medical and sensing devices. Their special optical properties enabled the
development of systems for a broad range of applications.
2.2.1 AuNPs Synthesis
There are various methods for the synthesis of AuNPs. The standard Turkevich-Frens
sythesis method is based on the reduction of chloroauric acid (HAuCl4) using sodium
citrate (Na3C6H5O7) and heating to induce the reaction [64, 169]. This is also the
method used in this project. The synthesis consists of multiple steps, illustrated in
Figure 2.8 [170]. Initially, the citrate reduces AuCl4− ions to Au+ ions, while at the
same time it is oxidized to sodium acetone dicarboxylate (SAD). The selfcatalyzed
disproportionation of Au+ ions to Au0 occurs when the concentration of Au+ ions
reaches a critival value. Above this value, Au0 produced by disproportionation triggers
the nucleation and growth of the AuNPs. The nucleation and growth mainly take place
within the multidentate Au+/SAD complex particles and follow exponentional kinetics
[64, 170]. The particle size in the citrate method is determined by the balance between
the rate of nucleation and degradation of dicarboxy acetone, contrary to the usual
balance between nucleation and growth [171].
During the synthesis, a characteristic color change of the reaction media takes place.
Initially the suspension is light yellow, before turning from gray to blue to purple during
the quick addition (5 minutes) of sodium citrate. The last sudden color change to red
indicates the formation of the colloidal gold and remains unchanged for the rest of the
synthesis [170]. The overall reaction time needed for the completion of the synthesis
depends on the reaction temperature, lower temperatures resulting in a longer reaction
time [64]. The standard Turkevich-Frens method involves temperatures between 70
and 100 °C; adapted methods for room temperature synthesis were also developed [64,
172, 173]. The size of the AuNPs is determined by the initial concentration of sodium
citrate to chlorauric acid, with higher sodium citrate concentrations resulting in smaller
AuNPs, due to a larger number of nuclei being generated [171]. The stability of AuNPs
decreases, when increasing the particle diameter [174]. This is the reason AuNPs in
the range of 20 - 30 nm are commonly used. They offer an optimum of stability and
plasmonic properties.
The AuNPs generated with the Turkevich-Frens method possess a negative charge
and are stabilized by the strongly adsorbed citrate ions and loosely bound sodium
cations in the suspension, resulting in an overall neutral charged suspension [64].
Other synthesis methods include the Brust-Schiffrin method with thiol ligands,
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Figure 2.8: Schematic depiction of the steps (1-4) of the Turkevich-Frens AuNPs synthesis [170].
seeded-growth and methods with polymers, dendrimers and biometallic core-shell or
alloy nanoparticles [175, 176, 177]. Varying the synthesis parameters can also be used
to generate different shapes, like nanorods or chains [178, 179]. The synthesized AuNPs
have very specific optical properties, which will be discussed in the next section.
2.2.2 Optical properties
Already the early research on AuNPs determined the dependence of their optical prop-
erties (e.g. their color) on their particle size. Small particles in suspension exhibit a
red color, while bigger particles appear to be blue or violet [63]. The different color of
the colloidal AuNPs is due to their plasmonic properties. The interactions of AuNPs
with light is called plasmon-resonance. The physical background of these interaction
was first described by Gustav Mie [168]. Light is absorbed by the colloidal AuNPs, with
specific absorption ranges depending on the size and shape of the AuNPs. Free electrons
in the conduction band of the AuNPs interact with the external electromagnetic field,
most commonly light. The excitation by light results in the collective oscillation of
conduction-band electrons against the positively charged atom core (Figure 2.9). The
oscillations can be explained as dipole oscillations. The charges on the particle surface
are polarized, and their relaxation depends on the external electrical field and the po-
larizability of the material. The polarizability depends on the volume of the AuNPs,
the dielectrical function of the material, the dielectrical constant of the medium and the
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particle shape. Plasmon-resonance can either induce light scattering (Mie scattering),
or be converted to heat [180].
Figure 2.9: Illustration of the plasmon oscillation for a sphere, showing the displacement of the con-
duction electron charge cloud relative to the nuclei [181].
Only sufficiently small particles (in relation to the wavelength of the light) show this
phenomenon, because the external field has to permeate the whole particles. Plasmon-
resonance is possible in multiple materials, e.g. precious metals, alkali-metals and
aluminium [182]. One of such material are AuNPs.
Figure 2.10: Variation of surface plasmon extinction maximum λmax of a nanosphere with diameter
D [183].
Variations in the particle diameter result in variations in the plasmon wavelength
maximum (Figure 2.10) [183]. Colloidal AuNPs with a spherical shape and a diameter
of 20 - 30 nm absorb light mainly in the green wavelength range, which makes the
suspensions appear red. Furthermore, the scattering is sufficiently low to still result
in transparent colloidal suspensions. An increase in size is accompanied by a red shift
of the plasmonic absorption peak, which appears as a maximum absorption peak in
UV/Vis spectroscopy [184, 185]. Changes in the particle shape on the other hand, e.g.
nanorods, lead to multi-pole-oscillations, which are visible as multiple absorption peaks
[186]. The dependence of the optical properties of spherical AuNPs on the particle
size can be described with the Mie-calculations and analyzed with theoretical models
using multipole scattering theory [187]. This enables the determination of size and
concentration of AuNPs from UV/Vis absorption spectra.
Another important optical property is the light scattering. This also strongly depends
on the particle size. In smaller particles absorption plays a bigger role than scattering,
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because the scattered light intensity increases proportional to the 6th power of the
radius, while the exctinction coefficient only increases with the 3rd power (Equation
2.1 and 2.3). The intensity of the scattered light (I) depends on the diameter (d), the
initial light intensity (I0), the scattering angle (θ), the distance to the particle (R),
the wavelength (λ) and the refractive index of the particles (n) [188]. The extinction
coefficient (ε) increases proportionally with the diameter (d) (Equation 2.2 and 2.3)
[189].
I = I0
1 + cos2(θ)
2R2
(2pi
λ
)4(n2 − 1
n2 + 2
)2 (
d
2
)6
(2.1)
ln ε = 3.32 ln D + 10.8 (2.2)
ε = d3.32 · e10.8 (2.3)
Increasing the size of AuNPs from 20 to 80 nm, the relative contribution of scatter-
ing to the absorption measurements drastically increases [183]. This results in bigger
particles scattering more light. This is also visible by eye in AuNPs suspensions with
a diameter of more than 100 nm, which have a milky appearance. In particles with a
diameter less than 40 nm the scattering has a negligible contribution with respect to
absorption [185].
As described before, also the medium influences the plasmonic properties of the
AuNPs. An increase in the dielectrical constant of the medium induces a red shift of
the plasmonic peak.
AuNPs can also emit light as fluorescence. However, this only occurs if the particles
are sufficiently small (<5 nm) [190].
2.2.3 Colorimetric sensing with AuNPs
One possible application for AuNPs is the colorimetric detection of various analytes.
There are two general principles: induced agglomeration and the disassembly of ag-
glomerated AuNPs [191]. Both principles result in a change of the UV/Vis absorption
spectra and are based on plasmonic coupling in AuNPs.
Changes in the interparticle distance lead to renormalization, as well as splitting of
the surface plasmon polariton energy (Figure 2.11) [192]. This is due to the interparticle
dipole-dipole interactions changing to multipolar behavior, with a high local concen-
tration of electromagnetic energy in their conductive contact [192]. Due to the dipolar
surface plasmon resonance for polarization parallel to the dimer axis, a red shift oc-
curs when decreasing the interparticle distance [184]. Upon the onset of agglomeration
of an AuNPs suspension, a drastic color change from red to blue takes place, due to
coupling of two nearby dipoles [193, 194]. For two adjacent AuNPs, the lower-energy
resonance corresponds to the two longitudinally aligned dipoles, which results in the
strong red-shift of the UV/Vis absorption peak [193]. The red shift only occurs if the
interparticle distance decreases below the particle radius, with a second peak appearing
if the distance to radius ratio is below 0.02 [193, 195].
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Figure 2.11: Effect of interparticle distance on the UV/Vis absorption spectra of AuNPs. A decrease
of the interparticle distance results in plasmon coupling and the red shift of the plasmon
resonance peak [193].
The red shift of the plasmon-resonance peak does not follow a linear trend. In
very big agglomerates the peak only shifts up to a certain point [193]. Experiments
and calculation demonstrated the saturation of the shift when chains consisting of 10
AuNPs are reached. This is because for larger separation the near-field interactions
become negligible [193].
For 30 nm particles the strongest plasmon shift was found at 20 nm distance, while
the maximum absorption decreases when the distance increases [192]. There is an uni-
versal trend, independent of particle size, shape, metal type or medium, with which the
plasmon resonance coupling decays with the interparticle distance (in units of particle
size) [196]. The shift for polarization along the interparticle axis decays nearly expo-
nentially with the interparticle distance [197]. This universal scaling behavior is due
to the dependence of the single-particle polarizability on the particle diameter to the
power of two, and the decay of the plasmonic near-field interactions with the inverse
distance to the power of two [197]. At a distance of 2.5 times the particle diameter
the shift becomes negligible [194]. The absolute strength of the plasmon coupling also
depends on the particle shape [196].
The agglomeration of colloidal AuNPs can be induced by unspecific or specific inter-
action between the particles, depending on their surface, stabilization and functional-
ization.
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Functionalization of AuNPs
The AuNPs synthesized with the Turkevich-Frens method have a weak negative sur-
face charge due to the citrate stabilization [185]. Therefore, they are electrostatically
stabilized in suspension. Nevertheless, such a surface charge is not desired for all appli-
cations. The AuNPs can be functionalized with various ligands to adjust accordingly.
These specific ligands can be attached to AuNPs via two methods: (1) physical ad-
sorption and (2) covalent coupling. Physical adsorption of the ligands can be achieved
by electrostatic or hydrophobic interactions. Such a functionalization process is very
rapid and avoids complex synthesis processes. The limitations of the process is the sta-
bility of the biohybrids. Changes in physical parameters, such as pH, or ionic strength,
can result in the detachment of the ligands. A more specific way is the use of covalent
coupling methods, mostly based on the strong bond which can be formed between gold
and sulfur groups [191]. This method to functionalize AuNPs utilizes the addition of
ligands with thiol-groups on one end and the additional desired functional groups at the
other end [198, 199]. The thiol group binds to the gold surface and the functional groups
are in contact with the surrounding medium. The displacement of the initial citrate
stabilization due to the binding of the thiol groups can lead to the destabilization of the
AuNPs. However, an excess of the ligands used for the functionalization can counter
this tendency. Subsequent purification steps by centrifugation and resuspension of the
functionalized AuNPs ensure that only the molecules bound to the AuNPs remain in
suspension.
Proteins are one possible biological material, which can also be used for the func-
tionalization of AuNPs. The binding between AuNPs and proteins is mostly physical
in nature, due to van der Waals interactions, but can also utilize sulfide and disulfide
bonds, or the amino groups of the proteins. The inherent surface charge of the proteins
can pose some challenges due to the charge repulsion between AuNPs and proteins with
similar surface charges. To solve this, either the charge of the protein or the AuNPs has
to be changed. The optimization of the pH of the medium used for the funcitonaliza-
tion offers one solution to handle this. A pH slightly higher than the isoelectric point
of the protein is often used to enable the binding of between protein and AuNPs [200,
201]. While this induces a slight negative charge in the proteins, there are still enough
positively charges areas (rich in lysine and tryptophan) to facilitate the electrostatic
interaction with the negatively charged AuNPs [200]. The surface charge of the AuNPs
can be changed by coating the particles, for example with polymers. This however can
lead to difficulties due to the proteins being only directly attached to the polymer shell
and not the AuNPs itself and possible detechment of this complexes [201]. For enhanced
stability short-chain polymers can be used to saturate the AuNP surface after function-
alization with proteins. By making use of these polymers, gaps in the protein corona
are covered, which minimizes the possibility of agglomeration, e.g. due to electrostatic
destabilization.
The successful functionalization of AuNPs with proteins can be indicated by the color
of the suspension. The AuNPs used in this project were initially colored red, and the
functionalization with S-layer proteins should also result in a red suspension. AuNPs
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with unsuccessful functionalization are not sufficiently stabilized. This would led to
either a change in color due to the agglomeration of the AuNPs, or a sedimentation and
the inability to redisperse them after purification. The functionalization of AuNPs with
proteins is known to induce slight changes in the UV/Vis absorbance spectra. Due to
the binding of the proteins, the refractive index of the direct surrounding of the AuNPs
changes, resulting in a minor red-shift of the plasmonic peak to higher wavelengths
[202, 203, 204].
The functionalization of AuNPs can result in a very specific functionality, depending
on the material used. Antibodies can be attached to AuNPs and used for specific
detection applications. Using proteins with specific binding sites poses the problem of
their accessability. As described in the previous sections, proteins tend to bind non-
specifically to the AuNPs, due to their surface groups. This can lead to binding sites not
being accessible for the desired analytes, therefore decreasing their functionality [205].
With covalent coupling the orientation of the proteins can be controlled. However,
covalent coupling mehtods are overall more complex and often yield less overall surface
coverage. Therefore, physical adsorption is more commonly used.
2.2.4 AuNPs-protein corona and AuNPs-protein interactions
Proteins are a widely used material for the functionalization of AuNPs. The most
often used approach is the linking via electrostatic adsorption, by a combination of hy-
drophobic and electrostatic interactions [205, 206, 207]. Proteins bound to AuNPs form
a protein corona of varying thicknes, depending on the characteristics of the AuNPs and
the proteins [208, 209]. The protein coronas can be classified by their binding strength
into "hard" (strongly bound) and "soft", which are weakly bound or even reversible
[210, 208]. The adsorption process typically starts with the hydration of the AuNPs
surface, forming a thin, pseudo-2D interface between adsorbent and protein suspension
(Figure 2.12) [211]. Next, the proteins diffuse into this boundary layer, creating a 3D
interphase that rapidly extends with more and more proteins arriving. For the proteins
to displace the water in the interface and to bind to the AuNPs, a certain amount of
energy is needed, which depends on the AuNPs surface chemistry. For citrate-coated
AuNPs, the initial interactions with proteins are mainly charge dependent, but with
the increasing amount of proteins displacing the citrate the overall surface chemistry
changes and the binding becomes far more complex [212]. The stabilization of AuNPs
with citrate is relatively weak, therefore the proteins can replace them quite easily [210].
The growth kinetics of the corona depends on the protein structure and the surface
chemistry of the AuNPs [213]. As a result, there is no univeral protein adsorption
law, because of the unique interactions for each combination of protein and AuNPs.
Nevertheless, in a more generalized view the protein adsorption can be described with
the Hill equation, which is adjusted for the specific samples (Equation 2.4) [210].
θ = [Protein]
n
[Protein]n + (K ′D)n
(2.4)
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In Equation 2.4 θ is the protein coverage of the AuNP surface, [Protein] the con-
centration of free protein, K ′D the microscopic dissociation constant and n the Hill
coefficient. For adsorption processes n is larger than 1.
Studies of the protein corona formation have shown that both the overall structure
and their functionality are influenced by the chemistry of the protein, the nanoparticle
size and material, the stoichiometry of the conjugates, the labeling site on the protein
and the nature of the linkage [205, 208, 214]. Smaller proteins were shown to have a
higher amount of binding sites when interacting with AuNPs of the same size [215].
For most proteins the formation of a monolayer surrounding the particle at saturation
seems to be the case, regardless of AuNPs size [215, 216].
Figure 2.12: Schematic representation of protein adsorption. (A) instantaneous creation of a thin
interface layer between the physical surface (e.g. AuNPs) and the protein suspension;
(B) diffusion of the proteins into the interphase layer, displacing the water and resulting
in an expansion of the interphase region; (C) reorganization and concentration of the
proteins within the interphase, resulting in shrinking of the layer by expulsion of water;
and (D) the protein concentration in the interphase reaches a equilibrium by entrapment
of initially adsorbed protein in a minimal volume interphase [211].
The corona formation also changes the physico-chemical properties of the newly gen-
erated conjugates [208]. The size of the AuNPs strongly influences the functionality
of the proteins after binding, possibly even resulting in the loss of a previous activ-
ity [208]. Decreasing surface curvature in bigger AuNPs (up to flat surfaces) can lead
to denaturation of the proteins due to unfolding and the resulting change in protein
structure [205]. The adsorbed proteins undergo conformational changes in thermody-
namically favored states [208]. Flat surfaces are known to induce stronger changes in
the secondary protein structure, while small AuNPs seem to conserve the protein struc-
ture [208]. Protein corona formation results in a change of the surface charge due to
the introduction of the differently charged proteins [208]. However, the stabilization of
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AuNPs with protein corona in suspension is not merely electrostatically, but also has a
significant steric contribution, because also at the isoelectric point of the proteins the
suspensions of completely functionalized AuNPs remain stable [217].
Protein coronas can drastically change the properties of AuNPs, including cellular
uptake, targeting, biodistribution, pharmacokinetic profile and nanotoxicity compared
with the citrate capped AuNPs [208]. This changes can also open up new applications
for the functionalized AuNPs.
2.2.5 AuNPs sensor applications
The many functionalization possibilities of AuNPs also result in a very broad range of
applications. One important field for AuNPs is sensor development, due to their easy
functionalization and their plasmonic properties enabeling simple analysis methods like
UV/Vis spectroscopy. Depending on the concentration of AuNPs, target molecules
can be even detected by the unaided eye, due to color changes induced by the target
molecules [218]. The most important factor for these colorimetric sensing platforms is
the control of the colloidal AuNPs and agglomeration stages, e.g. by using biological
processes (or analytes) [65]. The stability of the AuNPs and therefore also the color of
the suspension is determined by the interparticle attractive and repulsive forces.
Two different agglomeration mechanisms are known: (1) interparticle-cross-linking
and (2) non-cross-linking agglomeration. In the cross-linking agglomeration surface
properties of the functionalized particles are changed due to interactions with the an-
alyte suspensions. This results in a decrease of the repulsive forces and therefore the
attractive van der Waals forces induce agglomeration [65].
The second principle is based on the controlled loss of colloidal stability. This type
of aggregation mechanism occurs with faster kinetics. Nevertheless, for most sensor
applications the non-cross-linking agglomeration is undesired, because it is non-specific
[65].
Environmental research is one of the two big fields, besides medical applications,
which utilize AuNPs to detect a broad range of pollutants ranging from inorganic metal
ions to organic molecules. Even citrate stabilized AuNPs without any functionalization
can be used for Cu2+ detection, based on their non-cross-linking agglomeration [191].
Due to the toxicity of arsenic, its detection plays a major role in environmental
science. AuNPs functionalized with glutathione, dithio-threitol, and cysteine are able
to detect arsenic [191]. Furthermore, AuNPs functionalized with the S-layer protein SlfB
have been used for arsenic detection [55]. Such sensor platforms can reach detection
limits of up to 3 ppt of arsenic recognition in aqueous suspension [219].
Mercury is another very toxic element, which has attracted a high research interest.
Colorimetric paper based devices utilizing AuNPs were able to detect 50 nM Hg2+
in spiked pond and river water [220]. Furthermore, DNA functionalized AuNPs and
fluorescence quenching or "turn-on" probes can be used for mercury detection [221, 222,
223].
There are many applications targeting heavy metals and metal ions. Multiple toxic
heavy metal ions (Hg2+, Cd2+, Fe3+, Pb2+, Al3+, Cu2+, and Cr3+) can be detected
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with 11-mercaptoundecanoic acid (MUA)-capped AuNPs [224]. MUA-capped AuNPs
were also able to detect five amino acids (lysine, cysteine, histidine, tyrosine, and argi-
nine) in the 2 - 50 µM range [224].
Functionalized AuNPs can undergo agglomeration by a metal-ion-templated chelation
process. The chelation results in agglomeration by cross-linking, which is reversible
by addition of another strong chelator, e.g. EDTA [225]. An example of these sys-
tems is represented by insulin-capped AuNPs, which are highly sensitive towards pH
and heavy metals [202]. A color change due to agglomeration was induced in sus-
pensions containing trivalent ions, except Fe3+. The metal ions (Al3+, Cr3+, La3+,
Mn2+, and Fe3+) are supposed to bind to COO− and RNH2 groups [202]. Selective
sensors for trivalent lanthanide ions were developed by functionalization of AuNPs with
tetramethylmalon-amide, which forms a chelating complex and induces particle agglom-
eration [191]. Detection limits of such systems can reach up to 50 nM concentrations
for Eu3+ and Sm3+ [191]. Furthermore, a protein-templated gold nanocluster based
sensor was used to detect the antibiotic ciprofloxacin in water [226].
The tunability of the surface plasmon resonance peaks of AuNPs in combination with
the general biocompatibility of gold makes them well suited for biomedical applications
[227, 228]. Despite their possible uptake into cells, AuNPs with a variety of surface
modifications were shown to be not inherently toxic for human cells [229, 230]. Gold
coated magnetic oxide composite nanoparticles functionalized with immunoglobulin G,
were used for the separation of biological molecules [231]. AuNPs were also utilized
as fluorescent analogs and used as tracers in immuno- and DNA assays, as well as
in cell and molecular biology studies [232]. AuNPs can also be used as fluorescent
probes for cell imaging of living HeLa cells due to their excellent antiphotobleaching
properties [233]. Additional medical applications of AuNPs include the labeling of
DNA, metabolites (e.g. glucose), enzymes (e.g. DNAase and RNAase), hormones (e.g.
insulin), circulating plasma proteins (e.g. factor VIII/von Willebrand factor), amino
acids (e.g. cysteine), endotoxins (e.g. tetanus toxin and cholera toxin) and cancerous
cells [171, 201, 234, 235, 236]. A more exotic application is the detection of cocaine
with aptamer functionlized AuNPs [237].
Besides the colorimetric assays, there are also methods which use the enhancement
of light emission, e.g. surface enhanced Raman scattering, or quenching in fluorescence
methods [218].
2.3 Nanodiamonds
Nanodiamonds (NDs) are another very promising nanomaterial for sensing applications.
They are a carbon-based material in the nanoscale in all three dimensions. There are
several synthesis methods available, namely laser ablation, plasma-assisted chemical
vapour deposition, high-energy ball milling of high-pressure high-temperature diamond
microcrystals, and detonation, which is the oldest among these methods [66]. The
detonation method for NDs synthesis was discovered in the former Soviet Union nearly
50 years ago (see Table 2.2) [238]. While the initial discovery was by accident, the
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detonation technique was proven to be a reliable and cost-effective method to generate
ultrafine-dispersed NDs [66] .
Table 2.2: Research history of detonation nanodiamonds, adjusted from Danilenko et al. 2004 [238].
Year reseach subject
1956 Unsuccessful attempts at dynamic NDs synthesis
1961 NDs synthesis with preservation of shock-compressed
graphite
1963 NDs synthesis by compression of graphite and carbon black
mixtures(yield 20%)
1963 NDs synthesis from carbon of detonation products (yield 8-
12%)
1965 NDs synthesis from graphite
1976 Commercial production of NDs powder
1984 Pilot-industrial production and application for wear-
resistive coating
The production of detonation NDs takes place in closed metallic chambers utilizing
a controlled detonation of carbon-containing materials (such as trinitrotoluene). The
resulting products consist of a powder of carbon nanoparticles with 4 - 5 nm diameter
and unwanted impuritites. With purification steps the NDs are separated from the
impurities and deagglomerated, because without stabilization the NDs are very prone
to agglomeration [239]. There are several techniques used for the deagglomeration
and stabilization, like bead milling, ultrasonication and high temperature hydrogen
treatment.
The unfunctionalized NDs offer very special characteristics, which they have in com-
mon with diamond bulk materials, like high hardness, high thermal conductivity, elec-
trical resistivity and chemical stability [66, 67]. Additionally, on the nanoscale new
properties, like non-bleaching fluorescence, emerge [68]. The fluorescence is based on
defects in the sp2 and sp3 structures and has been linked to the non-diamond carbon
species on the NDs surfaces [67]. Furthermore, different functional groups on the surface
(like OH, ketone C=O and ester C=O) result in a broad range of emission wavelengths,
which are dependent on the excitation and the energy levels of the unoccupied molecular
orbitals [240].
Detonation NDs have a sp3 core, with the typical diamond structure and a graphitic
sp2 shell [66, 67]. The shell of the NDs presents a multitude of functional groups and
therefore offers a broad range of possibilities for functionalization and coupling [241,
242]. Some of the groups (e.g. COOH) can be used for covalent coupling with proteins
and polymers [66]. Not only covalent coupling, but also non-covalent coupling methods
such as adsorption by ionic interactions, hydrogen bonding, electrostatic effects and van
der Waals interactions, can be used [242, 243]. As described for the AuNPs, the intro-
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duction of a protein corona can drastically change the properties of the nanoparticles.
However, this can also be used for sensing applications with changes in the chemical
environment of the NDs, resulting in measurable changes of the fluorescence [68].
Figure 2.13: Exemplary application of ND–ODA for bio-imaging. Confocal micrograph of the fluo-
rescent scaffold made of ND–ODA–PLLA with 7F2 osteoblasts grown on it [66].
Another key feature of NDs is the biocompatibility. They were found to be less toxic
in human cells than other carbon materials, independently from the surface modifi-
cation [66, 244]. Applications in the biomedical field include surgical implants, drug
delivery systems, blood testing, catalysis and targeted bioimaging by coupling with an-
tibodies (Figure 2.13) [66, 241, 245, 246]. They are shown to have antibacterial activity,
depending on the surface functionalization (Figure 2.14) [247].
Figure 2.14: Influence of the annealing procedure of NDs on their antibacterial activity [247].
Besides the use of their chemical and fluorescence properties, their overall mechanical
stability is utilized in wear-resistive coating for a broad range of fields like ships and air-
craft [66, 239]. Furthermore, the natural occurring defects, so-called nitrogen-vacancy
centers, can be utilized for the sensing of weak magnetic fields, optical computing, as
well as quantum computing at room-temperature [248, 249, 250].
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2.4 Research needs
In the last 20 years, research on REEs has steadily increased. Figure 2.15 shows the
development of the number of publications in the years 1998 - 2018 on the topic of
REEs in the Web of Science database.
Figure 2.15: Publications in the years 1998 - 2018 (A) on the topic of "Rare earth elements", and (B)
on the topic of "Rare earth elements" and "Sensor".
In the year 2018 there were 2711 papers published on the topic, with an increase in
interest over the whole time period, as evident by the increasing number of publications.
From the total of 26’023 publications on REEs, only 288 (1.1 %) are connected with
the sensor development (topic mentions "sensor") and in only three publications S-layer
proteins are mentioned (Figure 2.15).
Figure 2.16: Publications in the years 1998 - 2018 (A) on the topic of "S-layer proteins", and (B) on
the topic of "Nanodiamonds".
Furthermore, both S-layer proteins and nanodiamonds are topics with increasing
scientific interest, evident by the overall increase of the publications within the last 20
years (Figure 2.16). However, sensor development up to now only accounts for 2 - 4 %
of this papers (35 publications for "S-layer proteins" and "sensor", 110 publications for
"nanodiamonds" and "sensor").
This shows there is a huge opportunity to fill the increasing demand for new detection
possibilities. With the increase in pollution in many places, new techniques are needed,
which are low-cost, easily applied in the field and require less expertise for sampling and
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analysis. As presented in this chapter, the combination of the biosorption properties
of S-layer proteins and unique optical characteristicy of nanomaterials like AuNPs and
NDs promises to offer solutions for these challenges.
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Chapter 3
Materials and methods
3.1 Bacteria growth and S-layer extraction
3.1.1 Bacteria growth and cell harvest
Eight bacteria species were grown and their S-layer proteins extracted. All of the used
bacteria species are summarized in Table 3.1 and if the S-layer protein is known their
name is listed. The bacteria species L. fusiformis DSMZ 2898, L. sphaericus JG-B53,
L. sphaericus JG-B62, L. sphaericus JG-A12, L. sphaericus 9602 and S. ureae ATCC
13881 were stored on agar plates (8 g/l Bacto Nutrient Broth by Difco Laboratories,
Detroit, 15 g/l Agar). For the pre-cultures, 50 ml NB-medium (8 g/l Bacto Nutrient
Broth) was inoculated with cells from the agar-plates and cultivated in aerobic condi-
tions at 30°C on a orbital shaker for 20 - 24 h. For the cell growth the fermenter was
filled with 9 l NB-medium, inoculated with six 50 ml pre-cultures and cultivated under
aerobic conditions, at 30°C and constant stirring (240 rpm) for 24 - 36 h. The cells were
harvested in the late phase of exponential growth by centrifugation (10’000 g, 20 min,
4°C). Then, the sedimented cells were washed twice with TRIS/HCl standard buffer
(Table 3.2) by resuspension of the pellet and centrifugation (10’000 g, 20 min, 4°C).
The growth temperature was adjusted to 60°C for G. stearothermophilus ATCC 12980
and T. thermosulfurigenes EM1, because they are both thermophilic species [251, 252].
Table 3.1: Bacteria strains and the respective S-layer proteins used in this project. If the S-layer
protein is currently still unnamed they are marked with n/a.
bacteria species S-layer protein
Lysinibacillus fusiformis DSMZ 2898 n/a
Lysinibacillus sphaericus JG-A12 SlfB
Lysinibacillus sphaericus JG-B53 Slp1
Lysinibacillus sphaericus JG-B62 n/a
Lysinibacillus sphaericus NCTC 9602 SlfA
Sporosarcina ureae ATCC 13881 SslA
Geobacillus stearothermophilus ATCC 12980 SbsA
Thermoanaerobacterium thermosulfurigenes EM1 n/a
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Table 3.2: Standard buffer used for the S-layer extraction.
TRIS/HCl - standard buffer
TRIS (Tris[hydroxymethyl]aminomethane) 50 mM
NaN3 3 mM
MgCl2 1 mM
pH 7.4 (with HCl)
For G. stearothermophilus ATCC 12980 the protocol described above was used, while
for T. thermosulfurigenes EM1 it was adjusted as follows. The cultures of T. thermo-
sulfurigenes EM1 were stored under anaerobic conditions in serum bottles at 4°C. For
the pre-cultures 1000 ml complex medium (Table 3.3) were inoculated with 10 - 20 %
stored cultures and incubated at 60°C under anaerobic conditions for 24 h in the serum
bottles. After 24 h the fermenter was filled with 7 l complex medium and inoculated
with 10 - 20 % of the pre-cultures. The fermenter was adjusted to anaerobic condition
by nitrogen fumigation, pH 6.5 and 60 °C. In the late phase of exponential growth (24
- 36 h) the cells were harvested by centrifugation (5000 g, 15 min, 4°C). Then the cells
were washed twice with TRIS/HCl Standard buffer by resuspension of the pellet and
centrifugation (7000 g, 15 min, 4°C).
Table 3.3: Complex medium for the growth of T. thermosulfurigenes EM1.
Complex Medium
Yeast extract 2.00 g
Tryptone 5.00 g
KH2PO4 3.30 g
MgCl2 x 6 H2O 0.16 g
Cysteine x HCl 0.50 g
CoCl2 x 6 H2O (50mM) 1.00 ml
Vitamins solution (see Table 3.4) 1.00 ml
Trace elements solution (see Table 3.5) 1.00 ml
Resarcarin solution (0.1% [w / v] 1.00 ml
Glucose 0.50% (w / v)
ddH2O 1000.00 ml
pH 6.6 (with KOH)
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Table 3.4: Vitamin solution for the growth of T. thermosulfurigenes EM1.
Vitamins solution
biotin 20.00 mg
Folic acid 20.00 mg
Pyridoxine HCl 100.00 mg
Thiamine - HCl 50.00 mg
Riboflavin 50.00 mg
Nicotinic acid 50.00 mg
Cyanobalamin 20.00 mg
p-aminobenzoic acid 50.00 mg
Lipoic acid 10.00 mg
Ca-pantothenate 50.00 mg
ddH2O 100.00 ml
pH 7.0 (with NaOH)
storage 4 ° C
Table 3.5: Trace elements solution for the growth of T. thermosulfurigenes EM1.
Trace elements solution
Na2EDTA x 2 H2O 5.00 g
FeSO4 x 7 H2O 2.00 g
ZnSO4 x 7 H2O 100.00 mg
MnCl2 x H2O 30.00 mg
H3BO3 300.00 mg
CoCl2 x 6 H2O 200.00 mg
CuCl2 x 4 H2O 10.00 mg
NiCl2 x 6 H2O 20.00 mg
Na2MoO4 x 2 H2O 30.00 mg
ddH2O 100.00 ml
pH 7.0 (with NaOH)
storage 4 ° C
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3.1.2 Metal binding of the bacteria
The metal binding activity was studied for L. sphaericus JG-B53 and S. ureae ATCC
13881. Bacteria from pre-cultures after 24 h growth were incubated with various metal
salt solutions in different concentrations. For this 2 ml of the bacteria solution were
washed by centrifugation (3800 g, 5 min, 21°C) and resuspension of the cell-pellet in 1
ml double-distille ultrapure water (ddH2O). This process was repeated two times and
after the last centrifugation step the bacteria cells were incubated in 1 ml of different
metal salt solutions with varying concentrations for two days at room temperature. All
the used metal salt solutions with the corresponding concentrations are listed in Table
3.6.
Table 3.6: Metal salts used for the metal binding and metal tolerance tests with corresponding chem-
ical formula and concentrations used in the experiments.
metal salt chemical formula concentrations [mol/l]
Copper(II)-sulfate Cu(II)SO4 1 · 10−1, 1 · 10−2, 1 · 10−3
Gold(III)-chloride HAu(III) 2.5 · 10−1
Holmium(III)-nitrate Ho(III) 1 · 10−1, 1 · 10−2, 1 · 10−3
Potassium gold(III)chloride KAu(III) 1 · 10−2, 1 · 10−3
Samarium(III)-nitrate Sm(III) 1 · 10−1, 1 · 10−2, 1 · 10−3
Yttrium(III)-chloride Y(III) 1 · 10−1, 1 · 10−2, 1 · 10−3
After the two day incubation period the metal binding activity of the cells was ex-
amined by comparing the solutions before and after incubation, as well as preparing
samples for scanning electron microscopy (SEM) by adsorbing them on silicon wafers
and drying for at least two days. The samples then were characterized by SEM (Zeiss
DSM 982 Gemini, Zeiss) and analyzed with the WSXM software [253].
3.1.3 Metal tolerance of the bacteria
To test the metal tolerance of the bacteria 100 µl of the cells incubated in the metal
ion solutions for the metal binding tests, were spread on agar plates (15 g/l agar, 8 g/l
NB-medium Bacto Nutrient Broth, Difco Laboratories, Canada) and grown at room
temperature. After three and five days the number of colony forming units (CFU) was
counted. For each combination of bacteria strain and metal salt three replications were
measured. In the reference plates bacteria cells without added metal salt solutions were
grown.
3.1.4 S-layer extraction
The extraction of the S-layer proteins was carried out as described by Blüher et al.
2015 [158] for the bacteria species L. fusiformis DSMZ 2898, L. sphaericus JG-B53,
L. sphaericus JG-B62, L. sphaericus JG-A12, L. sphaericus 9602 and S. ureae ATCC
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13881. All the steps of the extraction were carried out under cooled conditions with
the solutions kept on ice and storage in between steps was at 4°C. All solutions con-
tained sodium azide to prevent contamination. Cell disruption was achieved with a
Microfluidizer Processor Small Volume by resuspending the harvested cell pellet in 200
ml standard buffer with a spatula of DNAse II and RNAse. The solution was homoge-
nized by Ultra TURRAX (IKA T8, IKA Labortechnik, Stauffen). During the process,
20 ml Triton X 100 was added to seperate the plasma membrane. The cell disruption
and homogenization was checked by light microscopy (Olympus BX43, 1000x magnifi-
cation, phase contrast). Then, the solution was incubated at room temperature on a
shaker for 20 min. Afterwards, whole cells (brown) and cell wall components (white)
were seperated by centrifugation (14’000 g, 15 min, 4°C) in a layered pellet. The big
cell fragments were discarded, while the cell wall components (plasma membrane, pep-
tidoglycan layer and S-layer proteins) were centrifuged again (14’000 g, 15 min, 4°C),
followed by the resuspension of the white pellet in standard buffer. The supernatant
(pale yellow) contained the cytoplasma and was discarded. The peptidoglycan was di-
gested by adding 3 mg/ml lysozyme and incubation in a water bath shaker for 6 h.
After another centrifugation (20’000 g, 15 min, 4°C), again a layered pellet was formed
with the purified S-layer proteins in the with upper layer. This layer was resuspended
in standard buffer and centrifuged once more (20’000 g, 15 min, 4°C). The resulting so-
lution contained crystalline S-layers (tubes and sheets), as well as monomeric fractions
and was stored in 1 · 10−5 mol/l TRIS buffer (pH 7) at 4°C.
For G. stearothermophilus ATCC 12980 the protocol slightly changed. After the
incubation at room temperature for 20 min, the solution was centrifuged three times
(15’000 g, 20 min, 4°C) while discarding the supernatant and resuspension of the pel-
let in standard buffer. Following the last centrifugation 6 M guanidine hydrochloride
(GHCl) was added and the mixture was incubated for 3 - 6 h. The next centrifugation
(20’000 g, 20 min, 4°C) separated the S-layer proteins in the supernatant from other
cell wall components in the pellet. The supernatant was dialyzed against ddH2O over
night and then stored in 1 · 10−5 mol/l TRIS buffer (pH 7) at 4°C.
For T. thermosulfurigenes EM 1 the primary steps for the cell disruption and homog-
enization were done as previously described. The homogenized cells were centrifuged
(45’000 g, 15 min, 4°C), resulting in a layered pellet with the S-layer proteins in the
brigth top part. Only this part was resuspended in standard buffer with the addition
of Triton X 100, followed by 4 - 6 centrifugation steps (45’000 g, 20 min, 10°C), grad-
ually cooling down the solution to 4°C. Only the bright upper layer of the pellet was
resuspended. After the last centrifugation, the pellet was mixed with 5 mol/l GHCl
and incubated on a orbital shaker for 2 h, followed by another centrifugation (50’000 g,
15 min, 4°C). The resulting supernatant was dialyzed against 1 ·10−3 mol/l MgCl2 over
night. The dialyzed supernatant was centrifuged 3 - 6 times (55’000 g, 20 min, 4°C),
only resuspending the bright upper part of the pellet and discarding the dark center
of the pellet. After the last centrifugation, the purified S-layer solution was stored in
1 · 10−5 mol/l TRIS buffer (pH 7) at 4°C.
The extraction of the S-layer protein of T. thermosulfurigenes EM 1 was carried out
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during this work. All other S-layer proteins for the experiments were provided by Dr.
Anja Blüher, Dr. Mathias Lakatos, Beate Katzschner and Dr. Sabine Matys.
The functionalization of the AuNPs with S-layer proteins has been shown to be most
efficient with oligomeric protein solutions [55]. Therefore, the crystalline S-layers were
disassembled into oligomers in 6 mol/l GHCl, followed by centrifugation (14’000 g,
30 min, 21°C), and dialysis against a 5 · 10−4 mol/l TRIS buffer for 4 hours. The
oligomeric S-layer solution was stored at 4 °C until final use (few days up to one week).
When stored for a longer period of more than one month the S-layer proteins again
reassembled to sheets and tubes [124]. Therefore, after storage for more than a week
the disassembly procedure described above was repeated.
3.2 Comparison of the genomic protein sequences
The function of a protein is based on its genetic code. The different combinations of
the amino acids amount to a different primary, secondary and tertiary structure, and
therefore different functions of different proteins. Proteins with a similar genetic code
are thought to have a similar functionality. One tool to investigate the genetic similarity
of proteins is the Basic local alignment search tool (BLAST). BLAST is a collection
of algorithms, which are used to determine the similarity between biological sequence
information, such as amino-acid sequences of proteins [254]. The algoritm allows to
search a database of known sequences for a query sequence and identifies matches with
a certain identity or similarity.
To investigate the genetic similarity of the S-layer proteins, the universal protein
database (UniProt) was employed [255]. In order to compare two protein sequences,
the sequence data in FASTA format were analyzed with a BLAST algorithm from
the National Center for Biotechnology Information. A high similarity in the genetic
sequence indicates a high structural similarity and therefore a high likelyhood of similar
characteristics (e.g. metal binding capability). Only five of the eight S-layer proteins
used in this study were considered, because three protein structures are either not
available in the database or still unknown in their sequences (see Table 3.7).
Table 3.7: S-layer protein data available in the UniProt database and used for Protein BLAST analysis,
with accession number and UniProt entry name.
bacteria species accession number UniProt entry name
L. sphaericus JG-A12 Q5K102 Q5K102_LY SSH
L. sphaericus JG-B53 M4N8T6 M4N8T6_LY SSH
L. sphaericus NCTC 9602 Q5K104 Q5K104_LY SSH
S. ureae ATCC 13881 Q3T908 Q3T908_SPOUR
G. stearothermophilus ATCC 12980 P35825 SLAPGEOSE
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3.3 Colorimetric sensor assay
3.3.1 AuNPs synthesis adapted from Turkevich-Frens
Spherical AuNPs were synthesized using the Turkevich-Frens method with modified
ratios of chloroauric acid (HAuCl4) and sodium citrate (Na3C6H5O7) [64, 169]. The
Turkevich-Frens method is based on the reduction of HAuCl4 with sodium citrate.
After the formation of the particles, they are stabilized by the sodium citrate in the
solution. With this method colloidal AuNPs of different sizes from 10 up to 100 nm
can be synthesized, depending on the concentration ratio between the two chemicals
[171]. Within this work AuNPs with a diameter of 20 - 30 nm were used, because they
were proven to be the most stable and easy to handle. Bigger or smaller AuNPs tend
to agglomerate over time and would need additional stabilization [174]. To achieve this
size 100 ml of 5 · 10−4 mol/l HAuCl4 × 3H2O were boiled in a 300 ml Erlenmeyer flask
under constant stirring with a magnetic stirrer. When the solution started to boil 2
ml of a 1 % sodium citrate solution were added, while keeping the heating and stirring
constant. Within a few minutes, the color of the solution changed from light yellow to
dark blue and lastly to burgundy red, signifying the formation of the AuNPs. After
further heating at 100 °C with constant stirring for 60 min the reaction and formation
of the colloidal AuNPs was completed. The loss of water due to condensation was
compensated by the addition of 50 - 100 ml ddH2O to keep the total volume constant to
prevent agglomeration. If the volume of the solution was below 25 ml the AuNPs tended
to agglomerate and could not be used for further experiments, therefore higher volumes
were used. After finishing the reaction, the solution was slowly cooled down to room
temperature by switching off the heating plate and keeping the stirring for another 120
- 180 min. The spherical AuNPs were characterized by UV/Vis spectroscopy (Varian
Cary 100 Inc., Canterbury, Australia), DLS (Zetasizer Nano - S90, Malvern) and TEM
(Zeiss Libra 200, Zeiss). Before further use, the concentration of the spherical AuNPs
(20 – 30 nm in diameter) was adjusted with ddH2O to an absorption of 1 at 525 nm
(A525=1). The AuNPs prepared in this way were stored at room temperature for up to
3 months, before further use.
3.3.2 Functionalization of AuNPs with S-layer proteins
Ionic stability - Salt test
The functionalization of the AuNPs with S-layer protein aims to form a complete pro-
tein corona around the particles (see Section 2.2.4). Such a complete functionalization
not only maximizes the possible binding sites, by utilizing all surface area of the AuNPs,
it also ensures only the specific interactions of S-layer proteins with the metal ions can
induce the agglomeration process. The stability of non-functionalized AuNPs highly
depends on the composition of the surrounding solution. AuNPs synthesized with the
Turkevich-Frens method are stabilized by the sodium citrate, even without further
functionalization. Adding ions to non-functionalized AuNPs induces the unspecific ag-
glomeration due to ionic destabilization. This unspecific agglomeration can only take
41
Chapter 3 Materials and methods
place if the surface of the AuNPs is not completely covered. Therefore, the coverage
of the surface can be assessed by testing the ionic stability of the AuNPs. For this the
so-called salt test can be used [256, 257]. Adding NaCl increases the ionic strength
of the nanoparticle solution, therefore lowering the electrostatic repulsion between the
AuNPs. In AuNPs which are only electrostatically stabilized this leads to agglomeration
[258]. AuNPs with a protein corona are also sterically stabilized and therefore stable
after increase of the ionic strength. In this test a dilution row of the S-layer protein
solutions (1 mg/ml to 1 · 10−4 mg/ml) was prepared. Then, 100 µl of AuNPs (A525=1)
were mixed with 50 µl of the S-layer serial dilutions. To facilitate the functionalization
by adsorption, the samples were slightly shaken for 30 min, which is enogh time to form
the protein corona. After the adsorption period, 10 µl of 10 % NaCl were added to each
of the AuNPs-S-layer mixtures. Insufficiently stabilized particles agglomerated due to
the ionic destabilization, evident by a color change from red to blue within 5 min. After
more than 5 min no significant change in the color was detected [259]. AuNPs with
a complete protein corona were stabilized against the ionic interactions by the S-layer
proteins and therefore remained red. To optimize the resource use only the lowest pro-
tein concentration, still generating a stable solution, was used. Only mixtures of AuNPs
solutions successfully stabilized by the proteins were used for the colorimetric metal ion
detection tests.
The combination of both DLS and TEM for the AuNPs characterization gives a more
realistic and comprehensive picture of their real physico-chemical properties, (hydro-
dynamic) diameter, and size distribution [260]. TEM measurements allow the deter-
mination of size, size distribution, and shape of nanoparticles, but information about
the solution properties, such as aggregation and agglomeration is lost. DLS on the
other hand heavily shows these agglomeration information, while being slightly less
precise for the actual particle diameter [260]. DLS has the inherent limitation that it
cannot accurately describe the dimensions of nonspherical particles. The diameter of
such particles is determined as the diameter of a sphere that has the same translational
diffusion velocity as that particle. Moreover, the light-scattering intensity with which
the particles are detected increases with the sixth power of the particle diameter so that
larger particles are overestimated in a particle ensemble and multimodal distributions,
respectively. Thus monitored particle populations may therefore not be representative
for the true size distributions. DLS also fails to adequately display multimodal distri-
butions due to insufficient size resolution. [260]. Therefore, both DLS and TEM were
used to characterize the S-layer functionalized AuNPs.
Scale-up of the functionalization
To generate bigger volumes of functionalized AuNPs the ratios used in the salt test
were scaled up 100 fold to 15 ml total volume. For this 10 ml of AuNPs (A525=1) were
mixed with 5 ml of the protein solution in the concentration determined by the salt
test. The mixture of AuNPs and S-layer proteins was kept overnight at 4 °C under
constant slight shaking. After 24 h, unbound protein was separated by centrifugation
at 3000 g at 4 °C for 30 min. The centrifugation was repeated up to 3 times until
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the solution was clear and all functionalized AuNPs sedimented in the pellet. The
supernatant was carefully discarded and the pellet of S-layer functionalized AuNPs was
resuspended in 0.1 % polyvinyl alcohol (PVA) adjusting the concentration to A525=1.
The addition of the short polymer PVA was to prevent the particles from agglomeration
via unspecific interaction of insufficiently covered gold surfaces with the analytes. The
S-layer funcionalized AuNPs were characterized by UV/Vis spectroscopy (Varian Cary
100, Varian Inc.), DLS (Zetasizer Nano - S90, Malvern) and TEM (Zeiss Libra 200,
Zeiss), utilizing the WSXM software [253]. The AuNPs prepared in this way were
stored in the fridge at 4°C for up to 1 month, before further use in the colorimetric
sensor assay.
3.3.3 Sensor Assay
Selectivity and sensitivity of multiple S-layer proteins
For the colorimetric sensor assay 100 µl of S-layer functionalized AuNPs (A525=1) were
mixed with 20 µl of a metal salt solution (Table 3.8). This was repeated for a series of
metal ion dilutions in a concentration range of 0.25 – 0 mol/l. The same experiments
were carried out with a reference of non-functionalized AuNPs, which were stabilized
by 0.1 % PVA (A525 = 1).
Table 3.8: Metal salt solutions used in the colorimetric sensor assay.
metal salt chemical formula
Copper(II)-chloride CuCl2
Copper(II)-nitrate Cu(NO3)2
Copper(II)-sulfate CuSO4
Gadolinium(III)-oxide Gd2O3
Gallium(II)-nitrate Ga(NO3)2
Gold(III)-chloride HAuCl4
Holmium(III)-nitrate Ho(NO3)3
Indium(III)-chloride InCl3
Lanthanum(III)-oxide La2O3
Nickel(II)-chloride NiCl2
Potassium tetrachloroplatinate(II) K2PtCl4
Samarium(III)-nitrate Sm(NO3)3
Sodium-hydrogen-arsenate(V) Na2HAsO4
Yttrium(III)-chloride YCl3
After 30 min the metal ion detection was achieved by monitoring the color change of
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the solutions. These color changes are based on the agglomeration of the functionalized
AuNPs (see Chapter 2.2.3) and were quantified by UV/Vis absorption spectra analysis
of the solutions. For the UV/Vis measurements three devices were used: Tecan Infinite
200 Pro plate reader (Tecan Group AG), Varian Cary 100 UV/Vis spectrophotometer
(Varian Inc.) and a NanoDrop 2000 Spectrophotometer (Thermo Scientific).
To further characterized the interaction between the S-layer-AuNP biohybrids and
the metal ion solutions, the particle size was measured by DLS (Zetasizer Nano - S90,
Malvern).
For the counterions test solutions of Cu(NO3)2, CuSO4, and CuCl2 were used.
Cross-reactivity between YCl3 and NiCl2 was tested by preparing the usual dilution
row as described above, but adding 5mM of the other ion (e.g. 5 mM YCl3 to NiCl2)
to all of the dilution steps.
The influence of the pH was tested by mixing SlfB-AuNP bioyhbrids with 5 mM YCl3
and decreasing the pH step by step with 0.1 M HCl.
Tap water was used instead of ddH2O for the preparation of a simulated real envi-
ronmental sample with YCl3.
The long term stability was tested with a seperate 30 ml batch of SlfB-AuNP biohy-
brids, produced as described before. The first measurement with YCl3 was performed
directly after finishing the synthesis. Then, the batch was split into three 10 ml aliquots
and stored in three different conditions (4°C and dark, room temperature and dark,
room temperature and light). The 4°C and dark sample was covered with aluminium
foil and stored in the fridge. The room temperature samples were kept on the shelf,
with the dark sample also covered in aluminium foil. The samples were kept at these
conditions for three months, before repeating the initial measurement with YCl3.
Figure 3.1: Illustration of the procedure to test the reusability of SlfB-AuNP biohybrids with YCl3.
To test the reusability a consecutive measurement and treatment procedure was con-
ceived (Figure 3.6). The procedure starts with the interaction of 1 ml SlfB-AuNP
biohybrids with 200 µl 5 mM YCl3. The solution then was centrifuged at 8500 rpm
for 30 min. The supernatant was discarded and the pellet resuspended in 1 ml 10 mM
EDTA and incubated at room temperture and shaking for 1 h. EDTA is a strong com-
plexing agent, which was shown to be able to detach metal ions from S-layer proteins
[225]. After the incubation, another centrifugation step for 30 min at 8500 rpm was
used to discard the EDTA in the supernatant and resuspend the pellet in 1 ml ddH2O.
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From this point the procedure was started again by adding 200 µl 5 mM YCl3 and
repeating all the steps. Overall, the cleaning procedure was repeated three times.
Miniaturization was tested by reducing the working volume to 10 µl of SlfB function-
alized AuNPs and 2 µl of YCl3 solution. The resulting mixtures were then measured
on the NanoDrop 2000 to collect their UV/Vis spectra. In parallel, the usual sample
volume of 100 µl SlfB-AuNP with 20 µl YCl3 solution was tested and measured at the
Varian Cary 100.
3.4 S-layer proteins on flat gold surfaces
3.4.1 SPR spectroscopy experiments
The setup for surface plasmon resonance (SPR) spectroscopy device is based on a
Kretschmann configuration [261]. The instrument was developed at the Fraunhofer In-
stitute for Applied Optics and Precision Engineering in Jena (Figure 3.2 (A)). For
all the measurements TOPAS© SPR chips (76 mm × 26 mm × 4 mm, produced
by KDS Radeberger Präzisions-Formen und Werkzeugbau GmbH, Großröhrsdorf, Ger-
many) were used with a 50 nm thick gold layer and a surface area of 3 × 12 mm (Figure
3.2 (B)) [262]. The gold coating was prepared at the Fraunhofer Intitute IOF in Jena.
In the device, the gold-surface is illuminated by three light-emitting diodes (LEDs,
Emission wavelength = 810 nm), resulting in three measurement channels (Figure 3.2
(C)). The SPR-signal is averaged over the whole width of a measurement channel. A
CCD-camera detects the reflected light of each area with a spacial resolution of 1280
pixels. Therefore one pixel of the 1280 rows is equal to 7.3 µm. The angle-position of
the intensity-minimum in the SPR-spectrum is determined by a centroid algorithm for
all 1280 pixels of the CCD-camera. A shift in the minimum within the pixel-columns
is indicated as SPR-signal in pixel.
Figure 3.2: SPR device used in this research. (A) instrument, (B) SPR chip with gold surface, and
(C) Illustration of the measurement channels on the chip [263].
The SPR-device is coupled with a microfluidic system to minimize the limitation
of the measurements due to diffusion processes. The microfluidic system was devel-
oped by Fraunhofer Institute for Material and Beam Technology and GeSiM mbH and
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is attached to the SPR chip via vacuum connections. It consists of a polydimetyl-
siloxane (PDMS)-flow-cell, a heat exchanger, vacuum and fluidic connections with
polytetrafluorethylen-tubing and a 500 ml syringe-pumping-system. The micro-channel
has a height of 120 µm and a width of 3 mm, covering the whole gold surface area.
The temperature was kept constant at 25 °C using a water cooling system (JULABO®
F32-HD, Temperature-stability: ± 0.01 K) for the microfluidic sample chamber. Before
measurement, all SPR chips were cleaned with EtOH, ddH2O and 10 sec in a oxygen
plasma (SPI SUPPLY PREP2; 100 W, 0.2 mbar).
Linearity
The linearity of the SPR-signal was determined with a concentration row of MgCl2 in
ddH2O from 0.01 to 0.1 mol/l. The solutions were then pumped on the sensor-surface
(volume: 500 µl, speed: 1000 µl/min). The signal change was averaged for 120 sec. The
shift in the SPR-signal was calculated by subtracting the respective SPR-signal with
MgCl2 from the SPR of ddH2O before the first MgCl2 infusion.
Functionalization with S-layer protein and sensor tests
To facilitate the recrystallization of the S-layer proteins (SslA or SlfB) on the surface,
the surface of the SPR chips was activated through incubation with 1·10−2 mol/l MgCl2,
to allow for better S-layer recrystallization, followed by the addition of the oligomeric
S-layer proteins (500 µl, 250 µl/min). The S-layer protein was kept on the surface for 1
h without flow, to allow for the adsorption to take place. After adsorption, the system
was rinsed with ddH2O for 10 minutes (500 µl/min). This was followed by the addition
of the metal salt solutions (CuSO4, NiCl2 or YCl3) of varying concentrations (1 · 10−9
mol/l - 1 · 10−1 mol/l, 500 µl total volume, 250 µl/min) and allowing interaction for 10
min each, before rinsing again with ddH2O. The adsorption of the S-layer proteins on
the surface, as well as the interaction of the S-layer protein functionalized surfaces with
the metal salt solutions, was monitored by determining the shift of the SPR-signal. For
the cross-reactivity of NiCl2 and YCl3, after the binding of SlfB to the gold surface,
1 · 10−1 mol/l metal salt solutions were added either consecutively, or in a 1:1 mixture
of both at the same time (500 µl total volume, 250 µl/min).
Reusability
After functionalization of the SPR-chip with S-layer protein and binding of the metal
ions, different cleaning procedures were used to test the possible reusability of the chips.
In the first case 500 µl 70 % EtOH was pumped through the system with a speed of
1000 µl/min. The second method used was the same cleaning procedure of washing
with EtOH, ddH2O and oxygen plasma plasma treatment (10 sec, 100 W) used to clean
the bare chips before use. In the third method the gold surface was first treated with
5 - 10 drops of nitric acid (65 %, HNO3). Then, the chip was submerged for 90 sec
in a neutralization solution made of 1 part hydrogenperoxide (30 %, H2O2), 1 part
ammonia (25 %, NH4OH) and 5 parts ddH2O. After each treatment the SPR-signal
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was measured for at least 10 min under steady water flow (500 µl/min) and compared
to the SPR-Signal of the chips before the first functionalization with S-layer protein.
Furthermore, the subsequent binding of S-layer protein was measured, before repeating
the cleaning procedure.
3.4.2 TOF-SIMS measurements
TOF-SIMS experiments were performed with a reflectron-type TOFSIMS IV instrument
(ION-TOF GmbH, Münster, Germany) with a bismuth LMIG source at the Group of
Prof. Licciardello at Università degli studi di Catania. A pulsed 25 keV Bi+3 primary
beam at 45° angle was used, working in static condition with primary ion fluence less
than 1012 ions cm−2. Peak assignment were made on the basis of the exact mass value
and the isotopic distribution.
For the sample preparation, a gold wafer was cleaned by 20 min UV-ozone treatment
(Jelight Company, λex = 185/254nm) before rinsing with ethanol and drying with
nitrogen. Then, 50 µl of the sample (S-layer protein or S-layer-AuNP biohybrids) were
added onto the prepared gold surfaces and adsorbed for 1 h at room temperature. The
surface was gently rinsed with ddH2O to get rid of unbound protein. Metal ion solutions
of 100 mM YCl3, 100 mM NiCl2 or a 1:1 mixture of both were added and incubated
for 20 min, before rinsing again. To test the competition between yttrium and nickel
on the addition of the other metal solution (e.g. nickel, if yttrium was added first) was
carried out. All samples were dryed for 24 h before measuring.
3.4.3 AFM characterization
AFM measurements were performed at a Nanoscope IIIA-MultiMode AFM (Digital
Instruments, Santa Barbara, CA, USA) under supervision by Dr. Graziana M. L.
Messina at the Group of Prof. Marletta at Università degli studi di Catania. All AFM
measurements were performed in tapping mode under ambient air using commercial
silicon nitride cantilevers (Tap300-G, 300 Hz, 40 N/m, silicon). Images were recorded
at a scan rate of 1 Hz and 512 × 512 pixels per image.
For the AFM sample preparation, a gold wafer was cleaned by 20 min UV-ozone
treatment (Jelight Company, λex = 185/254nm) before rinsing with ethanol and drying
with nitrogen. Then, 200 µl of the sample (150 µl 0.1 mg/ml S-layer protein with 50
µl ddH2O or the respective metal salt solutions) were added onto the prepared gold
surfaces and adsorbed for 20 min at room temperature. The surface was gently rinsed
with ddH2O to get rid of unbound protein. All samples were dryed for 24 h before
measuring.
The different solutions used were YCl3 (100 µM and 100 mM), MgCl2 (10 mM) and
CaCl2 (10 mM). Additionally, the adsorption procedure used in SPR measurements (
10 min incubation with 10mM MgCl2, 10min washing with ddH2O, 60 min adsorption
of the S-layer protein, 10 min washing with ddH2O, 10 min incubation with 100 mM
YCl3) was used.
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3.5 Nanodiamonds-SslA biohybrids
Most of the experimental work on the conjugation of nanodiamonds and S-layer pro-
teins was carried out by M.Sc. Beatrice Musig during her Master thesis under my
co-supervision. This work is included in this dissertation because I contributed to the
conception of the idea and to the initial experimental setup. Furthermore, the work
is an important addition to illustrate the versatility of S-layer proteins for developing
different sensor applications.
The nanodiamonds used in this studies were purchased from Plasmachen GmbH with
a particle size of 4 nm. The aqueous solutions were prepared by M.Sc. Sascha Balakin
(Fraunhofer IKTS, Dr. Jörg Optiz group) by bead milling with ZrO2 beads (Sigmund
Linder GmbH) and charge stabilization with NaOH at pH 12 [46].
3.5.1 Physical adsorption and characterization
For the physical adsorption, the protein SslA from S. ureae ATCC 13881 was used. The
isolation and purification was carried out as previously described [158]. Oligmomeric
protein solutions in ddH2O with concentrations of 1 to 10 mg/ml were used for further
steps. Monomeric S-layer solutions were obtained by ultracentrifugation for 30 min
at 14’000 g. The supernatant contained the monomeric proteins, while the oligomers
and bigger agglomerates remained in the pellet. DLS was performed to confirm the
monomeric proteins.
For the physical adsorption 100 µl of 1 mg/ml NDs at pH 12 were mixed with 50 µl
of SslA solutions from 10 mg/ml to 0.2 mg/ml concentrations to achieve different ratios
of NDs to SslA.
The mixtures were incubated at room temperature for 24 h on a shaker (VXR Vibrax,
IKA) at 200 rpm. The samples then were purified by centrifugation for 30 min at 10’000
g, to get rid of any unbound protein. The NDs/SslA biohybrids sedimented during
centrifugation and were resuspended in ddH2O.
The size of both components and the biohybrids was measured via DLS (Zetasizer
Nano S90, Malvern) before and after functionalization. Furthermore, the NDs/SslA
biohybrids were characterized via UV/Vis spectroscopy (Cary 100 Bio, Varian) and
fluorescence spectroscopy (Infinite M200 Pro, Tecan).
Stability of the solutions was tested for pH changes by adding 0.1 M HCl to decrease
the pH, as well as ionic strength by performing the salt test by adding 10 % NaCl [256]
(see also section 3.3.2). Zeta potential was measured in a quartz Omega cuvette (Anton
Paar) with a Litesizer 500 (Anton Paar, Austria ) to further study the stability of the
biohybrids.
ATR-FTIR spectroscopy (GladiATR 10, Shimadzu) was performed to study the
chemical composition of the respective components and the NDs/SslA biohybrids.
Sample preparation for SEM included the cleaning of the aluminium substrate with
three repetitions of sonication in ethanol for 5 min, followed by the adsorption of 20
µl of the sample, drying at room temperature and using conductive silver paint to
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electrically connect the sample and the sample holder. An ESEM XL30 ESEM FEG
Electron Microscopy (Phillips) was used for SEM, with an acceleration voltage of 5 kV.
3.5.2 Interactions with CuCl2 and NiCl2
The metal interactions of the NDs/SslA biohybrids was tested with copper and nickel.
For each of the metal ion species the metal salts (CuCl2 and NiCl2) were dissolved in
ddH2O to prepare three concentrations (Cu2+: 31.5 µM, 3.15 mM, 315 mM; Ni2+: 0.341
µM, 34.1 µM, 3.41 mM). These concentrations were chosen based on the EU regulations
for heavy metals in drinking water, with the lowest concentration tested corresponing
to the highest tolerable concentration of the respective metal. Chlorides were used for
both elements to eliminate the possible influence of different counterions. For the sensor
tests, 10 µl of the metal solutions were added to 200 µl of biohybrids with ddH2O as a
reference. The interactions of NDs/SslA biohybrids with Cu2+ and Ni2+ was studied
by DLS, zeta potential and fluorescence spectroscopy.
3.6 Measurement techniques - Theoretical background
3.6.1 UV/Vis spectroscopy
UV/Vis spectroscopy is one of the techniques used for the analysis of the colorimetric
sensor assays. It is a technique, which is quite common in many labs due to its low
technical complexity, while still offering a usefull analysis for a broad range of samples.
In a typical experimental setup the sample is placed in the instrument in a light-
permeable cuvette, along with a reference (e.g. the medium used, without any particles).
Monochromatic light will pass through the samples in parallel and be registered on
a detector. The light intensity detected after the samples (I) is compared with the
incident light intensity (I0) to calculate the transmission (T ) (Equation 3.2). The
absorbance (A), which is without an unit, is the inverse value of the transmission
(Equation 3.3).
T = I
I0
(3.1)
A = −log10(T ) (3.2)
Generally, the irradiation of molecules with light can lead to three possible results:
(1) the excitation of the molecule into a higher energy state, (2) increasing the molecular
vibrations, and (3) increase molecular rotation. All three effects are due the absorption
of a specific amount of energy leading to characterisitc absorption spectra. Therefore,
the UV/Vis spectra of a solution can give important insights into the composition of
the molecules present.
Introducting nanoparticles into the solution also introduces the possibility of scat-
tering. Using the theoretical studies from Mie and Gans some important conclusions
regarding metallic nanoparticles in solutions can be made [168]. Changes in the light
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intensity due to nanoparticles are both due to absorption and scattering. In particles
with a diameter much smaller than the used wavelengths absorption is the main influ-
ence. Therefore, for the particles used in this thesis, the scattering can be neglected for
the non agglomerated particles.
A = c · d · ε (3.3)
According to Lamber-Beer-Law the absorbance (A) is equal to the the path length of
the cuvette (d), the concentration of the material in solution (c) and a specific extinction
coefficient (ε) (Equation 3.4). Using this proportional relationship of absorbance and
concentration, quantitative measurements can be carried out with UV/Vis spectroscopy.
For quantitative measurements the pure solutions of the components (e.g. AuNPs or
proteins) have to be measured before, to generate calibration curves. Without the
calibration curves only qualitative conclusions can be made.
3.6.2 Dynamic light scattering
Dynamic light scattering (DLS) utilizes the measurement of the brownian molecular
motion to determine the size of nanoparticles in solutions. A laser beam irradiating the
sample in a cuvette is scattered by the nanoparticles and the scattered light is measured
at a detector. The fluctuation of this light intensity at the detector is recorded over
time. The fluctuation of the light intensity depends on the size of the particles. Bigger
particles scatter more light, because the light scattering has a dependency on the 6th
power of the diameter (d), the initial light intensity (I0), the scattering angle (θ), the
distance to the particle (R), the wavelength (λ) and the refractive index of the particles
(n) (Equation 3.5) [188].
I = I0
(
1 + cos2(θ)
2R2
)(2pi
λ
)4(n2 − 1
n2 + 2
)2 (
d
2
)6
(3.4)
Using the Stokes-Einstein equation the hydrodynamic diameter dH of particles in
solution can be calculated by determining the diffustion coefficient (D), the Boltzmann
constant (kB), the temperature (T ) and the viscosity of the medium (η) (Equation 3.6).
dH =
kBT
3piηD (3.5)
The diffustion coefficient D can be determined by measuring the flow coefficient (f)
(Equation 3.7).
f = 3piηD (3.6)
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To finally determine the size, the scattering intensity at different time points of the
measurement is compared. At very small time intervalls, scattering fluctuations corre-
late with the brownian mortion. For bigger time intervalls the correlation decreases.
Using this knowledge, an intensity-time-correlation function g(q, δt) for the whole mea-
surement duration can be calculated and normalized to the averaged intensity over time.
The resutling decay rate Γ is directly proportional to the diffusion coefficient D and
the scalar q2 of the scattering vektor ~q and normally has an exponential shape [188].
Most of the real samples however are not monodisperse and therefore the decay in real
samples is a combination of multiple overlapping exponential functions of the different
sized particles. For this case the normalized intensity-time-correlation function g(q, δt)
can be described as the sum of multiple exponential functions with different weighting
factors ai and decay rates Γi (Equation 3.8).
g(q, δt) =
n∑
i=0
aie
−Γiδt (3.7)
A cummulants analysis enables the determination of the first cummulant k1, which
can be used in the Stokes-Einstein equation to calculate the hydrodynamic diameter,
which is equal to the z-average given by the software of the DLS instruments (Equation
3.9) [264].
ln g(q, δt) = −k1δt+ 12!k2(δt)
2 − 13!k3(δt)
3 + ... (3.8)
The polydispersity index (PDI) is calculated with the second cummulant k2 and
represents the width of the Intensity-size distribution. The software can also calculated
the distribution as a number to size distribution by dividing by the sixth power of
the diameter. The different size distributions (intensity, volumen, number) can give
important information on polydisperse samples with multiple partilce populations. The
intensity distribution typically gives a stronger signal for bigger particles, due to the
strong dependency of the scattering on the diameter. The calculation of the number to
size distribution corrects this [264].
3.6.3 Zeta potential
Zeta potential (ζ) can be measured to determine the surface charges of particles and
their stability in solution. The net charge of the particles influences the electrical double
layer forming around the particles. The double layer can be divided in the inner Stern
layer, which interacts more strongly with the particles, and the outer diffuse layer, which
more loosely interacts (see Figure 3.3). The zeta potential indicates if the particles are
stable in solution, stabilized by electrostatic repulsion (zeta potential around ± 30 - 40
mV ), or are prone to agglomeration (zeta potential ± 0).
Applying an electric field to a nanoparticle solution results in a motion of the charged
nanoparticles to the oppositely charged electrode. The speed at which the nanoparticles
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Figure 3.3: Illustration of the electrical double layer that surrounds a particle in an aqueous medium
and the zeta potential at the surrounding slipping plane [265].
move is called elektrophoretic mobility (ţ) and can be used to calcuate the zeta potential
with the Henry-Equation (Equation 3.10) using the viscosity (η), the electrophoretic
mobility (ţ), the dielectric constant () and the Henry-function (f(kHr)).
ζ = 3ηţ2f(kHr)
(3.9)
The Henry-function depends on the particle radius (r), and the Debye-Hückel-
parameter (kH), which is between 1 and 1.5, according to the Hückel-Smoluchowski-
approximation.
In the experimental setup, the samples are illuminated with a laser. The light is scat-
tered by the particles and the phase shift of the frequency (f) is proportional to the
electrophoretic mobility.
3.6.4 Electron microscopy
For materials in the nanoscale common light microscopy does not offer the required
resolution. For visible light the resolution limit (δ) is around 500 nm, due to the
dependence of the resolution limit on the refractive index (n), the half of the aperture
angle of the lens (α) and the wavelength (λ) (Equation 3.11).
δ = 0.61 λ
n · sin α (3.10)
A decrease of the wavelenght would also decrease the resolution limit. This can be
achieved by using electrons instead of visible light. With commonly used techniques
of scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
resolution limits of 3 nm (SEM) and 0.1 to 0.2 nm (TEM) are achieved. Conventional
electron microscopy is performed with dried samples under vacuum to minimize the
contamination and influence of gas molecules.
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Figure 3.4: Illustration of the electron emission effects in the sample due to the primary electron beam
in electron microscopy.
SEM
The initial technical developments to enable the development of electron microscopes
were thanks to Hans Busch, Ernst Ruska and Max Knoll, who used magnetic fields as
an electron lens to focus electron beams [266, 267, 268]. The first broad-use electron
microscope was developed by Manfred von Ardenne in 1940, enabeling the use of this
technique first for materials research, and later progressing also towards biological and
nanostructured materials [269]. SEM is based on the use of a cathode, e.g. tungsten
wire, lanthanum hexaboride cathode or a field emission cathode, which is electrically
heated so that electrons are emitted, and a system of electromagnetic lenses. The
electron beam is focused on the sample area, penetrating the material and resulting
in two effects (Figure 3.4). The negatively charged electrons interact with the positive
charged protons in the cores of the material atoms, scattering them. This scattered
electrons can be detected as the backscattered electron signal (BSE). The electron
beam can lead to the release of secondary electrons (SE) from the material, due to the
energy introduced. The SE signal overall gives more information on the topography
of the samples, because the energy of the secondary electrons is relatively low and
therefore only the surface layer of the sample can be detected. As detectors either
phosphor screens, photographic emulsions or charge-coupled device (CCD) cameras are
used. The BSE-detector typically is located above the sample. The BSE electrons can
give more information on the materials contained in the sample, because the different
elements have a different scattering behaviour.
For biological samples low-voltage devices are more suitable, because a higher energy
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can damage the sample, and the energy used also determines the penetration depths.
High energy electron beams penetrate the sample more deeply, while low energy gives
information on a thin surface layer.
TEM
Contrary to SEM, transmission electron microscopy (TEM) is the application of the
principle of a classical optical microscope to electron optics. For TEM imaging the
samples have to be sufficiently thin, so no complete absorption of the electrons and
no multiple scattering occurs. For TEM typically higher voltages are used for the
electron beam to pass through the sample. The sample then interacts with the electrons,
scattering them, resulting in an image at the sensor below the sample. To generate a
better contrast the S-layer proteins were stained with heavy metals (e.g. uranyl acetate),
because the protein itself does not generate a strong signal in TEM. Metallic materials
on the other hand (e.g. AuNPs), show very strong contrast in TEM.
3.6.5 ATR-FTIR Spectroscopy
Infrared (IR) spectroscopy exploits the fact that molecules absorb frequencies that are
characteristic of their structure. These absorptions occur at resonant frequencies, i.e.
the frequency of the absorbed radiation matches the vibrational frequency. The energies
are affected by the shape of the molecular potential energy surfaces, the masses of the
atoms, and the associated vibronic coupling.
In molecules the absorption of infrared light (4000 - 400 cm−1) occurs at resonant
frequencies, which are characteristic to their structure. At the resonant frequencies the
absorbed light matches the vibrational frequency. A dipole is needed for the vibrations,
with various vibrational modes (symmetric, asymmetric, radial, latitudinal and longi-
tudinal) being possible. The binding of ligands to a molecule changes the regions of
the spectrum, which are associated with the respective atoms or groups involved in the
newly formed bond. Using this information binding sites in molecules can be deter-
mined. Fourier-transform infrared spectroscopy (FTIR) is a technique commonly used
to characterize organic compounds [270]. For proteins statements on the secondary and
tertiary structure and their change due to bound ligands can be made. Using FTIR
spectroscopy the changes in functional groups due to the S-layer proteins interacting
with AuNPs and the metal ions can be investigated.
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) is
an adaptation of FTIR, using total internal reflectance of the infrared light. The light
beam is directed through a crystal with a high refractive index and then reflected at the
interface at which the sample is located (Figure 3.5). The evanescent wave penetrates
the sample in the range of a few microns, while the resulting signal gives information on
the sample which is comparable to transmission measurements (if the thickness of the
film is equal or less than the penetration depth) [272]. The advantage of ATR-FTIR is
the decreased complexity of sample preparation, especially for biological samples like
porteins. For the conventional FTIR transmission setup the sample has to be dried and
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Figure 3.5: Illustration of the beam path in ATR-FTIR through a high refractive index medium (e.g.
ZnSe) [271].
immobilized in a pellet (e.g. KBr), resulting in very fragile sample. For ATR-FTIR on
the other hand, the sample only has to be dried, before being pressed on the crystal. The
easier sample preparation together with the maintained sensitivity presents ATR-FTIR
spectroscopic imaging as a powerful tool to study proteins [273].
3.6.6 Surface Plasmon Resonance spectroscopy
Plasmonics were first observed by Wood in 1902 described as anomalies in the spectrum
of light bend at a metallic lattice [274]. Later, this phenomenon was proven to be due
to the excitation of the surface electromagnetic waves of the metal grid and leading
to a decrease in the reflectivity in the attenuated total reflection (ATR) [275]. Initial
studies on silver layers by Otto, Kretschmann and Raether were successful in building
an layout with an optical prism and a silver layer to excite surface plasmons through
ATR [261, 276, 277]. The setup differs in the position of the prism. The system
used in this work is based on the Kretschmann built (See Figure 3.6). In his version
a prims is directly placed on a glass plate with the silver layer directly touching the glass.
Figure 3.6: SPR arrangements according to Kretschmann and Raether with an optical prism on a
glass plate with a suitable refractive index and the metal layer on top.
Surface plasmon resonance (SPR) is a highly sensitive method utilizing the plasmonic
properties, e.g. of gold, for the label-free detection of biomolecular interactions [278].
The general physical prinicple is the same responsible for the plasmonic properties of
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AuNPs. However, for SPR the light is reflected on a flat gold surface and the respective
reflection angle is measured. The intensity of the reflected light reaches a minimum at
the angle of the plasmon resonance. This angle depends both on the metal used and the
refractive index of the medium within an approximately 200 nm thick boundary layer
of the metal. This also includes the side of the material opposite to the reflected light.
A change of the refractive index (e.g. due to addition of a different medium) shifts the
SPR minimum. While adsorption and binding of molecules to the gold can induce this
shift, also other factors like temperature and overall medium composition plays a role
[279]. To minimize these factors the temperature of the system and the medium used
should be kept constant. The quantitative use of the measurement is limited, because
the SPR signal is non linear in a system with a fixed angle and the intensity of the light
being measured [280].
For light to excite the surface plasmons the incident light has to match the energy
of the plasmons. When the surface plasmons are excited their propagation can be
described with the propagation constant (kSP ) (Equation 3.12).
kSP =
ω
c
√
dm
d + m
(3.11)
In the equation ω is the angular frequency of the light, c is the speed of light in vacuum
and d and m are the permittivity of the glass (d) and metal (m). This equation is
only correct, when the real parts of the permittivity in the metal are negative, which
is give for gold, silver and aluminium in the visible light range.
Surface plasmons can not be directly exicted by light shining on a flat metal surface,
because the propagation constant of the surface plasmons in the boundary region of
glass and metal is bigger than the wavenumber of the light within the glass [278]. The
wavenumber can however be increased by attenuated total reflectance, e.g. by using a
prism like in the Kretschmann setup. Using a prism with a high refractive index and
ATR at the metal surface results in a evanescent wave propagating through the metal
[261]. The coupling with the surface plasmons is achieved by adjusting the incident
angle [263].
3.6.7 Time-of-flight secondary ion mass spectrometry
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a mass spectrometry
in which an ions mass-to charge ratio is determined via time of flight measurements
[281]. An ion beam with a high energy is focussed on the sample surface, resulting
in the generation of secondary ions, which are broken out of the initial material and
travel to the detector (Figure 3.7). The velocity depends on the mass-to-charge ratio,
resulting in heavier ions (with the same charge) being slower and highly charged ions
being faster. The time needed to reach the detector is measured and with the known
distance between sample and detector the respectiv velocity can be calculated. With
the known experimental setup and references the ion species can be identified and the
composition of a material can be determined.
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Figure 3.7: Illustration of the generation of secondary ions due to the impact of the primary ion
(black) on the surface.
TOF-SIMS can be used for imaging by scanning the sample, or more general for the
determination of the elements. For the later case multiple positions on the sample are
tested and the data is combined to get a complete picture and diminish the influence of
possible contaminations at certain areas. Furthermore, in dual beam mode 3D images
with depth penetration can be achieved, because the high energy ion beam removes part
of the sample and by scanning the sample layer by layer depth information is generated.
3.6.8 Atomic force microscopy
Atomic force microscopy (AFM) is a scanning probe microscopy technique developed
by Binning, Quate and Gerber in 1986 [282]. The principle is based on the mechanical
interactions between the sample and a sharp tip at the end of a flexible cantilever.
When the tip is in the proximity of the sample surface the forces between the tip and
the sample resulting a deflection of the cantilever. By scanning the sample line by
line the whole sample area can be depicted. Depending on the cantilever tip and its
functionalizat different forces (e.g. van der Waals forces and Coulomb forces) can be
measured, giving insight in different properties of the samples. The first AFM developed
by Binning et al. used scanning tunneling microscopy to track the cantilever [282]. In
the most commonly used systems today the deflection of the cantilever is measured
with a laser, which is reflected off the back of the cantilever (Figure 3.8).
There are two measurement modes, which can be used for AFM: contact mode, and
non contact mode. In contact mode the cantilever tip is in direct contact with the sample
surface, detecting electrostatic forces between electron shell of the sample atoms and
the tip. Contact mode can be performed in constant height mode (keeping the height
of the cantilever constant and measuring the deflection forces), or constant force mode
(adjusting the cantilever height to keep the force between tip and sample constant).
Constant height mode offers higher sample throughput, but is mostly used for relatively
flat and hard surfaces. The sample throughput of constant force mode is limited by the
regulatory loop controlling the cantilever height, resulting in slower sampling speed.
In non contact mode the the cantilever is moved across the sample near the surface.
The cantilever set in low oscillation at its resonance frequency. Interaction forces (like
van-der-Waals force) result in changes in amplitude, phase or frequency. Typically
non contact mode is used under high vacuum and can reach high resolutions down
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Figure 3.8: Illustration of AFM working principle. The deflection of the cantilever due to interactions
with the sample surface is detected by a laser reflecting off the cantilever. The sample
holder can be moved in all three dimensions to allow for the scanning of the sample.
to single atoms [283]. A adjusted method of the non contact mode is the tapping
mode. For this method the cantilever also oscillates near or at its resonance frequency
(typically 300 kHz), utilizing a piezo element. Interaction forces between the cantilever
and the sample result in changes of the oscillation amplitude. Higher areas in the sample
surface result in a lowering of the amplitude of the oscillation, while lower areas increase
the amplitude. The cantilever height is constrolled to keep the oscillation amplitude
constant. Tapping mode is often used for biological samples due to the noninvasive
nature of the method.
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Chapter 4
Results and discussion
The work in this dissertation focuses on the preparation of three biohybrid systems:
S-layer-AuNPs, S-layers on flat gold surfaces, and NDs/S-layer biohybrids. This chap-
ter wil be centered on the results obtained on the preparation of the three biohybrid
systems and their interactions with metal ions. Preparatory studies on the interactions
of bacteria cells and metal ions were performed, to better understand the biosorption
process and how to exploit biosorption for sensing applications.
4.1 Interactions of bacteria with metal ions
The Interactions of the bacteria with metal ion solutions was tested in two ways. First,
the metal tolerance was probed by incubation of bacteria cells with different concen-
trations of metal ion solutions. The incubated bacteria were put on plates to study
the growth after 5 days. In the second part, the metal binding was tested by visual
examination of the metal solutions incubated with bacteria for sedimentation and color
changes, and by SEM imaging of these samples.
4.1.1 Metal tolerance
The aim of the metal tolerance test was to investigate the viability of the bacteria
cells in relation to different metal salts and concentrations. The metal tolerance of
the bacteria plays an important role in the possible application for whole-cell sensors.
In whole-cell sensors intact living bacteria cells are used to interact with the desired
analyte, resulting in a signal, often by expression of a fluorescent protein. For such a
system not only the interaction of the metal ions with the cell surface plays a role, but
also the effect of the metal salts on the viability of the bacteria cells.
The metal tolerance studies were performed with five metal salt solutions (CuSO4,
Ho(NO3)3, Sm(NO3)3, YCl3 and KAuCl4) and three concentrations (1 · 10−1, 1 · 10−2
and 1 · 10−3 mol/l). The results of the metal tolerance tests with S. ureae ATCC 13881
and L. sphaericus JG-B53 are shown in Figure 4.1. After 5 days of growth, the reference
plates showed up to 10’000 colony-forming units (CFU), which was established to be
100% bacterial viability (data not shown). Such high CFU counts were possible due
to using dilutions of the incubated bacteria (e.g. 1:10) and later on multiplying the
counted CFUs with the respective values to correctly account for the dilution factor.
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Figure 4.1: Metal tolerance of (A) L. sphaericus JG-B53 and (B) S. ureae ATCC 13881 for different
metal salts and concentrations, determined by growth on agar plates. The colonies were
counted after 5 days and normalized to the CFU count of reference plates without metal
salts [284].
For all the samples a decrease of cell viability as a consequence of the increase of
the metal ion concentration was observed. This is due to the toxicity of high metal
concentrations for bacteria and organisms (see also Section 1.1). The lower metal salt
concentrations on the other hand did not completely inhibit the growth. In some cases
even values comparable to the reference without any metals were reached. Incubation
of S. ureae ATCC 13881 with metal concentrations higher than 1 · 10−3 mol/l led to
complete growth inhibition, independent of the metal used. At the lowest concentration
of 1 · 10−3 mol/l these bacteria showed no growth inhibition for CuSO4, Sm(NO3)3
and YCl3. Therefore, S. ureae ATCC 13881 only shows metal tolerance for these
three samples. Overall, S. ureae ATCC 13881 seems to be more susceptible to the
metal toxicology. Directly comparing both bacterial strains, L. sphaericus JG-B53 was
significantly more robust and less susceptible to toxic effects of the metal ions studied.
In all the experiments with Ho(NO3)3 and KAuCl4 a strong growth inhibition was
shown for all concentrations and both bacteria strains, contrary to the overall trend of
inhibition only at higher concentrations. Both of the tested bacteria did not grow at
all in the presence of KAuCl4. Possible reasons for this are some sort of toxic effect of
the gold salt itself, or a pH influence, which was considerably lower in these samples
(See Appendix Table A.1.1). According to literature, pH values for a optimal growth
are between 6.8 and 8.5 for L. sphaericus JG-B53 and around 8.7 for S. ureae ATCC
13881 [50, 285, 286]. For all the samples, growth was only detected in samples with a
pH of 3.89 or higher and the samples with no inhibition had pH values of 5.82 or higher.
However, there was no clear correlation between a higher pH and less growth inhibition.
The lowest CFU count was measured at pH 6.42 for 1 ·10−1 mol/l Ho(NO3)3. However,
at a similar pH there was strong growth detected for S. ureae ATCC 13881 incubated
with 1 · 10−3 mol/l Sm(NO3)3 (pH 6.42) and 1 · 10−3 mol/l YCl3 (pH 6.37). It seems
like a higher pH is beneficial for the natural growth of the bacteria, while some metal
salts (Ho(NO3)3) still inhibit growth at this higher pH.
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In the experiments the interactions of L. sphaericus JG-B53 with YCl3 were different
from the rest. In all three samples growth rates of 30% or higher were observed. No
correlation between the YCl3 concentration and bacteria growth was evident, with the
strongest growth at 1 · 10−3 mol/l and viability rates of 30 - 40% at the other two
concentrations.
From literature the binding capacity of L. sphaericus JG-B53 and S. ureae ATCC
13881 for different metal ions is known, including the lanthanides [49]. Such metal
binding would allow the cells to cope with metal ions present in the environment and
therefore result in metal tolerance of these bacteria (see also Chapter 2). Taking this
into account, the results of the metal tolerance tests suggest L. sphaericus JG-B53 is
able to bind several of the metals. In the next section this will be further discussed, as
SEM imaging can show the metal cluster formation due to binding on the cell surface.
4.1.2 Metal ion binding
To study the the metal binding, bacteria cells were incubated with metal salt solutions
of different concentrations for 2 days and visual changes were noted (Figure 4.2), as well
as SEM imaging to test for the formation of metal nanoparticles on the cell surfaces
(Figure 4.3 and 4.4). After 2 days of incubation, most of the bacteria cells sedimented on
the bottom of the tubes. These sediments were more pronounced in the S. ureae ATCC
13881 samples, when compared with L. sphaericus JG-B53. The most likely reason for
this is the difference in overall cell motility. L. sphaericus JG-B53 has flagella, which
enable the bacteria to be more mobile and resist sedimentation.
Figure 4.2: Incubation of L. sphaericus JG-B53 and S. ureae ATCC 13881 in different metal salt
solutions at three concentrations. The reference was a metal salt solution in water without
bacteria cells [284].
Due to the color of some of the tested metal salt solutions (CuSO4, Ho(NO3)3, and
KAuCl4) a color change after incubation would give a first indication of some interac-
tions between the metals and the bacteria cells (or metabolic products of the bacteria).
The two solutions containing Sm(NO3)3, and YCl3 were colorless and did not change
during incubation. The samples with CuSO4 and Ho(NO3)3 did not change color, but
a very slight decoloration was visible. The bacteria solutions with KAuCl4 on the other
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hand exhibited a strong decoloration at 1 · 10−2 mol/l and a color change from yellow
without bacteria to dark red at 1 · 10−3 mol/l for both bacteria strains.
Figure 4.3: SEM images of L. sphaericus JG-B53 cells from the metal binding test after 2 days incu-
bation [284].
The decoloration indicates that there were less metal ions present in the solution, sug-
gesting either a chemical reaction forming a new, colorless product, or the binding by
62
4.1 Interactions of bacteria with metal ions
the bacteria cells also resulting in a colorless complex or nanoparticles with absorbance
in the non visible region. The color change on the other hand strongly suggests the
formation of AuNPs, either on the cells or in solution [64, 133]. Cell envelope compo-
nents, like S-layers, are known to have a reducing effect on metal ions, resulting in the
cluster formation and the formation of AuNPs on the cell surface [50, 141]. Another
possible cause for the formation of nanoclusters can be pH. However, the incubation
of the bacteria with the metal salts did not significantly change the pH of the metal
solutions, therefore this effect can be excluded (see Appendix Table A.1.1).
In order to further study, whether the visible color change is due to the formation
of nanoparticles or some other interaction, SEM images of the samples were exam-
ined (Figure 4.3 and 4.4). For both bacteria strains the heterogeneous formation of
nanoparticles on the cell surface was present in many of the samples. Only bacteria
cells incubated with CuSO4, Sm(NO3)3 or 1 · 10−3 mol/l Ho(NO3)3 did not result in
nanoparticle formation. Additionally, incubation of L. sphaericus JG-B53 with 1 · 10−2
and 1 · 10−3 mol/l Sm(NO3)3 resulted in the metallization of the flagella.
Incubation the bacteria with KAuCl4 clearly led to the formation of AuNPs on the
cell surface for both strains and both tested concentrations. The lower concentration of
1 · 10−3 mol/l KAuCl4 induced a more heterogenous nanoparticles formation, resulting
in more diverse shapes of the AuNPs. The gold clusters were widely distributed on
the whole cell surface with a broad distribution in size and shape. The higher pH in
the 1 · 10−3 mol/l KAuCl4 L. sphaericus JG-B53 samples did result in more triangular
AuNPs shapes.
The interactions of the bacteria strains with Ho(NO3)3 and YCl3 showed the most
striking differences. While in L. sphaericus JG-B53 mainly the flagella were metallized,
S. ureae ATCC 13881 showed metal clusters evenly dispersed on the cell surface. Fur-
thermore, the incubation with Ho(NO3)3 and YCl3 resulted in distinctly smaller and
therefore more densely packed clusters, when compared with the AuNPs.
In conclusion, L. sphaericus JG-B53 can form nanoparticles on the cell surface or the
flagella after incubation with Ho(NO3)3, KAuCl4, Sm(NO3)3 and YCl3 by reducing the
metal salts on the cell surface or flagella. For S. ureae ATCC 13881 metal binding and
cluster formation was demonstrated for all concentrations of KAuCl4 and YCl3, as well
as for Ho(NO3)3 at 1 · 10−2 and 1 · 10−3 mol/l. The almost exclusive presence of the
metal clusters on the cell surface suggests an interaction between the metal ions and
some components of the cell envelopes. This, together with the known binding abilities
of the S-layer proteins suggests the binding of the tested metals is likely due to the
S-layer proteins.
It is important to note, that also in the samples which showed growth inhibition due
to the metal salts, still binding and cluster formation was visible. For the possible use
in whole-cell sensing and water cleaning applications, L. sphaericus JG-B53 was shown
to be more robust, due to a tolerance for higher metal salt concentrations. S. ureae
ATCC 13881 could still be used under conditions with lower metal ions concentration,
or in systems where cell viability is not necessary for the detection principle. Also,
single-use sensors or recovery systems are a possible workaround for this limitation.
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Figure 4.4: SEM images of S. ureae ATCC 13881 cells from the metal binding test after 2 days
incubation [284].
4.2 Colorimetric metal ion detection
In this section SlfB-AuNP biohybrids will be studied as an exemplary system for the col-
orimetric detection of metal ions with S-layer functionalized AuNPs. First, the AuNPs
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were synthesized with the Turkevich-Frens method, resulting in citrate capped AuNPs
(ccAuNPs). Next, the functionalization of the ccAuNPs with S-layer proteins was es-
tablished by characterizing AuNPs before and after functionalization. Subsequently,
the interactions of SlfB-AuNP biohybrids with YCl3 was examined as one example for
the detection principle. In this part the interaction of the S-layer with metal ions was
studied in detail, as well as the influence of pH, counterions and cross-reactivity. From
the detailed study of one combination of metal ions and S-layer-AuNP biohybrids a
broader overview on all the tested combinations will be given.
4.2.1 Characterization of S-layer functionalized AuNPs
For the functionalization of AuNPs with S-layer proteins, first the ccAuNPs were ana-
lyzed and then compared to the biohybrids regarding their size and apperance in TEM
and DLS. Due to the strong dependence of the plasmon resonance band on the dielectric
properties of the enviroment, UV/Vis spectroscopy can be used to measure the protein
adsorption of the biohybrid. UV/Vis spectra of the ccAuNPs showed the maximum
absorption peak at 521 nm (Figure 4.5 (A)). After functionalization with SlfB the peak
was red-shifted to a higher wavelength of 528 nm. This is a renowned behavior of
AuNPs functionalized with proteins. The protein changes the refractive environment
of the AuNPs, resulting in a shift in the absorption peak [55, 203, 204].
Figure 4.5: Characterization of AuNPs functionalized with SlfB by (A) UV/Vis spectra, (B) DLS and
TEM size measurements, and (C) Zeta-Potential.
TEM and DLS size analysis of the ccAuNPs revealed an average size of 13.27 nm
(TEM) and 23.25 nm (DLS) (Figure 4.5 (B)). Compared with DLS measurements,
the TEM sizes are somewhat smaller, since DLS measures the hydrodynamic diameter
and thus always indicates slightly larger particle distributions. The functionalization
of the AuNPs with SlfB led to an increase in size to 19.38 nm (TEM) and 31.64 nm
(DLS). The protein adsorption on the AuNPs formed a protein corona, which results in
a bigger particle diameter. The increase in DLS is slightly bigger, because DLS shows
the hydrodynamic diameter in liquid, while TEM needs dryed samples in vacuum. The
TEM sample preparation leads to a shrinking of the proteins and therefore less size
increase. The protein corona is visible in TEM as a darker coarse corona around the
black AuNPs due to negative staining of the TEM samples with 2 % uranyl acetate
(Figure 4.6).
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Figure 4.6: TEM images of citrate capped AuNPs, and AuNPs functionalized with the eight different
S-layer proteins. Negative staining of the samples with 2 % uranyl acetate [259].
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As for the UV/Vis data, it is possible to calculate the size of AuNPs according
to Equation 4.1 [287]. The calculation is based on the exponential fitting of known
experimental data of the AuNPs diamater (d) against the surface plasmon resonance
peak (λSPR) (Equation 4.2).
d =
ln(λSPR − λ0
L1
)
L2
(4.1)
λSPR = λ0 + L1exp(L2 · d) (4.2)
The fit parameters were determined from theoretical values with λ0 = 512nm, L1 =
6.53 and L2 = 0.0216. For the ccAuNPs λSPR = 521nm results in a calculated diameter
of 14.85 nm. Compared to the actual size measured by TEM this value is quite close
and further supports the notion of TEM showing the actual diameter of the particles.
Zeta potential measurements showed an increase from -31.15 mV in the ccAuNPs to
-9.03 mV for the SlfB-AuNP biohybrids (Figure 4.5 (C)). This is in agreement with the
known positive charge of the S-layer proteins [55]. Initially, the ccAuNPs are stabilized
by charge repulsion. However, with the increasing zeta potential, the charge repulsion
decreases, therefore steric stabilization becomes the main factor to keep the AuNPs in
a stable colloidal solution.
The successful functionalization of AuNPs with S-layer proteins by means of physical
adsorption has been proven by five factors: (1) maximum absorption peak shift to
higher wavelength in UV/Vis spectra, (2) increase in size measured by TEM and DLS,
(3) visible protein corona in TEM, (4) increase in zeta potential after adsorption of the
proteins on the AuNPs, and (5) stability of the S-layer-AuNP biohybrids against ionic
destabilization tested by the salt test.
For all eight investigated surface proteins, a successful functionalization has been
shown (Figure 4.6 and 4.7). Furthermore, the proteins showed uniform coverage of
the AuNPs surface and no sheet or tube structures were visible, which would indicate
insufficient monomerization or premature recrystallization of the proteins. Thus, all
tested proteins were utilized for further experiments.
The DLS measurements revealed the increase of the average diameter of all the bio-
hybrids, suggesting the formation of a protein corona. The differences in the protein
corona thickness is due to differences in the adsorption properties of the S-layer pro-
teins. Some of the proteins are seemingly more prone to form multilayers on the AuNPs
(e.g. S-layer protein of T. thermosulfurigenes EM1), while others only induced a smaller
increase (e.g. SslA of S. ureae ATCC 13881).
To further show the successful functionalization, ATR-FTIR measurements were per-
formed (Figure 4.8).
The spectrum of the SlfB protein sample shows the characteristic peaks specific for
the chemical groups present in the protein with a small peak at 1720 cm−1 from C=O
stretching, a strong peak of the amide I stretch vibrations at 1635 cm−1 and amide II
at 1516 cm−1, and another peak at 1394 cm−1, which can be attributed to symmetric
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Figure 4.7: Characterization of AuNPs functionalized with the eight S-layer proteins by DLS [259].
COO− stretching [112]. These findings are in line with the literature, which also showed
these characteristic bands [112, 288, 289].
Figure 4.8: ATR-FTIR spectroscopy of SlfB and SlfB-AuNP biohybrids with ATR correction.
In the SlfB-AuNP biohybrids the amide I band was downshifted to 1624 cm−1, while
the amide II was broadened and upshifted at 1548 cm−1. Furthermore the symmetric
COO− stretching peak is found at 1394 cm−1, which is similar to the S-layer protein
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alone. Overall the SlfB-AuNP biohybrids show IR spectra which have a strong similarity
to SlfB alone. This suggests the proteins successfully covered the AuNPs.
Influence of protein concentration on the protein corona
In addition to the commonly used functionalization, the influence of different protein
concentrations on the percentual binding of the protein to the AuNPs and thickness of
the protein corona was determined. Four different concentrations of SlfB were incubated
with the same concentration of AuNPs and measured after purification (Figure 4.9).
The protein determination by standard tests (Bradford and Rotiquant) and the UV/Vis
absorption at the protein-specific wavelength of 275 nm showed that at high protein
concentrations, a high percentage of it was also adsorbed on the AuNPs (Figure 4.9
(A)). This is also evident by the maximum absorption peak being shifted to higher
wavelengths in UV/Vis spectra (Figure 4.9 (B) & (C)). However, all generated SlfB-
AuNP biohybrids were also stable to ionic destabilization using NaCl (Figure 4.9 (D)).
Figure 4.9: Influence of the amount of protein used for the functionalization. (A) Percentage of protein
bound to the AuNPs after purification, determined by standard quantification methods
(Bradford and Rotiquant) and UV/Vis spectroscopy (A275nm), (B) UV/Vis spectra of
the functionalized AuNPs, (C) maximum absorption peak positions, and (D) shift of the
maximum absorption peak after addition of 10% NaCl to test the ionic stability.
Additionally to the data already shown, we calculated the surface coverage of the
AuNPs with SlfB. For this calculation, the following assumptions were made: (1) the
AuNPs have a perfect spherical shape and (2) the monomers adsorbed to the AuNPs
cover an area similar to the area they occupy in the ordered symmetry structure. As-
sumption (1) is needed to calculate the surface area of the AuNPs. Assumption (2) on
the other hand is needed, because we only know the surface area covered by SlfB in the
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crystalline, symmetric structure. For SlfB the lattice constant is 12.5 nm, resulting in
a monomer area of 39.06 nm2 [43, 111].
From the experiments we already know the amount of protein used in the samples.
According to literature, the protein weight is 126.254 kDa per SlfB monomer, which is
equal to 2.09 ·10−19 g per monomer. From the protein binding tests we know how much
of the total protein is bound and we can calculate the number of monomers bound to
the AuNPs (Equation 4.3).
To calculate the number of monomers bound to the AuNPs (Nboundmonomers) we need
the percentage of protein bound (Proteinbound), the concentration of protein used for
the functionalization cProtein and the weight of a protein monomer in grams (mmonomer).
Nboundmonomers =
Proteinbound [%] · 100cProtein [g/ml]5
mmonomer[g]
(4.3)
The concentration of protein is divided by 5, because only 200 µl SlfB solution were
used for 1 ml AuNPs. Next, the total number of AuNPs in solution (NAuNPs) is needed,
to calculate the number of monomers per AuNPs (Nmonomer per AuNP ). The number of
AuNPs in solution can be calculated by using Equation 4.4 [287].
NAuNPs =
A450 · 1014
d2AuNPs[−0.295 + 1.36exp(−(
dAuNPs − 96.8
78.2 )
2)]
(4.4)
In the formula A450 is the absorbance at 450 nm and dAuNPs is the particle diameter
in nanometer (13.27 nm). The calculated number of AuNPs in the solution with the
maximum absorbance of 1 at 521 nm is 2.93 · 1012. From the number of AuNPs in
solution we can calculate the number of monomers per AuNPs with Equation 4.5.
Nmonomers per AuNP =
Nboundmonomers
NAuNPs
(4.5)
Finally to calculate the surface area coverage (Θ) we divide the area covered by the
SlfB monomers by the total area of one AuNP according to Equation 4.6.
Θ = Amonomers per AuNP
AAuNPs
=
Nmonomers per AuNP · (12.5
2
4 )
pi · d2AuNPs
(4.6)
The results of the calculations are found in Table 4.1.
These calculations reveal several interesting points. First of all, already at a protein
concentration of 0.11 mg/ml the AuNPs surface is more than completely covered. Ac-
cording to the calculations, 0.0435 mg/ml would be sufficient to cover the whole AuNPs
surface (assuming 100% would bind). The Θ values for 2.2 and 1.1 mg/ml being more
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Table 4.1: Calculation of the surface coverage (Θ) of AuNPs with SlfB in relation to the amount of
protein used for the functionalization.
cProtein Quantification Nboundmonomers Nmonomers per AuNP Θ
[mg/ml] method [%]
2.200 Bradford 1.91 · 1015 652.41 4606.72
Rotiquant 1.95 · 1015 665.41 4695.63
Abs275nm 2.05 · 1015 553.21 4931.04
1.100 Bradford 0.91 · 1015 310.57 2192.98
Rotiquant 1.00 · 1015 341.02 2407.93
Abs275nm 1.00 · 1015 341.02 2407.93
0.110 Bradford 5.53 · 1013 18.86 113.16
Rotiquant 7.30 · 1013 24.88 175.68
Abs275nm 8.16 · 1013 27.81 196.36
0.011 Bradford 5.25 · 1012 1.79 12.65
Rotiquant 6.98 · 1012 2.38 16.79
Abs275nm 3.56 · 1012 1.21 8.57
than 100% also suggest there are multiple layers of SlfB formed on the AuNPs. More-
over, the most interesting result is the very low surface coverage in the 0.011 mg/ml
sample. Therefore, while the protein only covers a relatively small area of the AuNPs,
this is already enough to stabilize them sufficiently against ionic destabilization with
NaCl. It has to be mentioned that these calculated values are only very rough estima-
tions. They are based on the assumption of SlfB adsorbing on the curved AuNPs in a
comparable folding structure to flat surfaces. From literature we already know this is
most likely not the case, because surface curvature strongly influences the adsorption
characteristics and can lead conformational changes in proteins [205, 208]. Therefore,
the surface covered by protein monomers on the AuNPs can be different from the
known literature values for flat surfaces. Despite these flaws in the assumptions, they
still offere new hints towards the influence of the protein concentration on the function-
alization process. Overall, different protein concentrations can thus be used to generate
differently thick protein coronas around the AuNPs. For the sensor application, the
optimization of a single-layered corona, as used in the previous functionalisations in the
project, is advantageous, as it minimizes the interparticle distance during aggeration
and thus maximizes the peak-shift signal.
4.2.2 Interactions of SlfB-AuNPs with YCl3
The S-layer functionalized AuNPs were used for the colorimetric sensor tests with metal
ion solutions. In this section the interactions of SlfB-AuNP biohybrids with YCl3, will
be studied in detail. UV/Vis spectroscopy revealed changes in the absorption spectra
after addition of the metal ions with respect to the reference (Figure 4.10). At low
concentrations up to 0.5 mM YCl3 no difference to the reference spectrum was detected.
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Starting at 2.5 mM the plasmon resonance peak shifted to a higher wavelength, while
also broadening the peak. At 5 mM YCl3 the maximum peak shift was reached. At
concentrations of 25 mM and higher the peak shift decreased, while maintaining the
broader peak shape.
Figure 4.10: UV/Vis absorption spectra of SlfB-AuNP biohybrids with increasing concentrations of
YCl3.
Plotting the peak shift against the YCl3 concentration resulted in an curve detailing
the increase of the shift up to 5 mM YCl3 to 70 nm and a following decrease down
to 40 nm (Figure 4.11 (A)). Literature suggests the position of the plasmonic peak
has a proportional relationship to the size of the AuNPs and the interparticle distance
[207]. The AuNPs did not change their size, because for this to occur different reac-
tion parameters, e.g. heat, are needed [185]. Therefore, a shift of the plasmon peak
towards higher wavelengths suggests the AuNPs agglomerated, which would decrease
interparticle distance, resulting in plasmon coupling and the visible peak shift.
Figure 4.11: SlfB-AuNP biohybrids interactions with YCl3. (A) Shift of the plasmonic peak in UV/Vis
absorption plotted against the YCl3 concentration. (B) Average size of the biohybrids
in suspension with increasing YCl3 concentration. (C) Zeta potential measurements of
SlfB-AuNP biohybrids before and after addition of YCl3.
The DLS size measurement revealed a similar behaviour for the average size (Figure
4.10 (B)). The size increased up to a 800 nm diameter at 5 mM YCl3 concentration,
and decreased again down to 100 nm at higher concentrations. The DLS data further
supports the agglomeration hypothesis, because an increase in size under these condi-
tions is only possible if the AuNPs agglomerate.
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Zeta potential measurements were used to determine the surface charge of the particles
with different YCl3 concentrations (Figure 4.11 (C)). The pristine SlfB-AuNP biohy-
brids were stable with a zeta potential of -9.03 mV. At 5 mM YCl3, the concentration
with the strongest peak shift and the biggest agglomerates, the zeta potential was at
-0.69, close to zero. Therefore, at this concentration the repulsive forces between the
AuNP were very weak, enabling the agglomeration. Increasing the YCl3 concentration
also increased the zeta potential up to 16.72 mV at 100 mM YCl3. The increase in zeta
potential was most likely due to the binding of Y3+ ions to the S-layer proteins.
However, the ionic strength and surface charge can not be the only factor responsible
for the agglomeration. From the initial salt tests with NaCl we know the addition
of Na+ to the solution does not induce agglomeration of the functionalized AuNPs.
Therefore a specific interaction between the tested metal ions and the S-layer protein
is suggested, leading to a crosslinking and a subsequent agglomeration of the AuNPs.
Figure 4.12: Illustration of the proposed agglomeration principle due to the interaction of metal ions
with S-layer-AuNP biohybrids [259].
From UV/Vis and DLS measurements the initial agglomeration due to addition of
the metal ions is clear. Normally, one would expect a monotonic relationship between
agglomeration and metal ion concentration: more metal ions, resulting in more metal
ions being bound, resulting in more agglomeration. For the studied interaction between
SlfB-AuNPs and YCl3 this was not the case. At higher concentrations of YCl3 less ag-
glomeration was detected. The reason for this can be found in the zeta potential data.
Higher YCl3 led to more Y3+ ions being bound, which increased the surface charge. An
increase in surface charge also increases the repulsive forces between particles, imped-
ing the AuNPs agglomeration. Furthermore, the YCl3 binding by the S-layer proteins
itself is limited. The proteins possess a limited number of binding sites available. At
lower YCl3 concentrations there were not enough ions in solution. Therefore, the bind-
ing sites on the proteins competed for the ions, resulting in the crosslinking of several
AuNPs because the Y3+ ions interacted with groups of several proteins, situated on
different AuNPs. However, with an increase in YCl3 concentration the binding sites
got saturated, decreasing the need for competition between the proteins and therefore
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decreasing the probability of several proteins being involved in the binding interaction.
The agglomeration principle described here is visualized in Figure 4.12. In theory, high
concentrations of metal ions could lead to a total disagglomeration. Nevertheless, in
the real samples there is always a mixture of the three states (no ions bound, crosslink-
ing, and saturated). Therefore, there are still some agglomerates even at high YCl3
concentrations, evident by the average size still being around 100 nm.
Figure 4.13: Dependency of the interactions between SlfB-AuNP biohybrids and YCl3 on pH. (A)
UV/Vis absorption spectra of SlfB-AuNP biohybrids with 5 mM YCl3 at decreasing pH.
(B) Shift of the plasmonic peak in UV/Vis absorption plotted against the pH.
Another important factor for the sensing is the pH of the solution. The normal tests
were carried out at a neutral to slightly acidic pH in the range of 5-7, depending on the
metal ion solution. However, if the metal ion concentration is kept constant and only
the pH is changed, the dependence of the agglomeration on the pH can be determined
(Figure 4.12). At the initial pH of 5.42, the strong peak shift due to the interaction of
YCl3 with the SlfB-AuNP biohybrids was detected. Decreasing the pH also decreased
the peak shift, starting at pH 4, down to no visible peak shift at pH 2.07. There are
several reasons for this. The change in pH changes the charge distribution of the S-layer
proteins, which would lead to a different affinity for the metal ions. Furthermore, the
low pH could also denaturate the proteins, leading to changes in the folding and binding
sites not being available.
Cross-reactivity of SlfB-AuNPs in the presence of Ni2+ and Y3+
Particular attention has been paid to the cross-reactivity of two different metal ions in
one solution. In order to obtain reference measurements, NiCl2 and YCl3 were measured
separately (Figure 4.14 (A) and (B)). Then, 5 mM of the other respective metal ion
solution (YCl3 to NiCl2, and NiCl2 to YCl3) was added in equal parts to the dilution
series used for the previous measurements, e.g. 50 µl of 5 mM NiCl2 was added to 50
µl of the YCl3 dilution series, before mixing with the biohybrids (Figure 4.14 (C) and
(D)). The 5 mM concentration was used because at this concentration YCl3 showed the
strongest peak shift and the total ion concentration should be similar for both metal
ions (also 5 mM NiCl2).
The characteristic reaction curves, when plotting the peak shift to the metal ion
concentration, were confirmed. The DLS measurements showed an increase in size
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Figure 4.14: UV/Vis spectra of cross-reactivity of SlfB-AuNP biohybrids in the presence of Ni2+ and
Y3+. (A) YCl3 (B) NiCl2, (C) YCl3 and a constant concentration of 5 mM NiCl2, and
(D) NiCl2 and a constant concentration of 5 mM YCl3.
corresponding to the peak shift, thus confirming AuNPs agglomeration (Figure 4.15).
With YCl3 the interaction was already discussed in the previous section. The interac-
tion between the SlfB-AuNP biohybrids and NiCl2 resulted in a peak shift to higher
wavelengths, starting at 2.5 mM and reaching its maximum at 250 mM NiCl2 concen-
tration (Figure 4.14 (B)). Similarly to YCl3 there was also a broadening of the peak.
However, there was no decrease in the peak shift detected at the highest concentrations
measured. When 5mM YCl3 or NiCl2 were added to each other solution, they both
induced agglomeration and peak shift at lower concentrations, where we did not previ-
ously observe any in the reference metal ion solutions with only one species of ions. At
the higher concentrations, however, we did not see a rise above the maximum peak shift
to 595 nm, which we also saw in YCl3 alone. Therefore, it appears that both Y3+ and
Ni2+ competed for the same binding sites, and the maximum peak at 595 nm represents
the highest degree of agglomeration. If we look at the 2.5 mM concentration in Figure
4.14, we see that the peak position is similar for both Y3+ alone and Y3+ + 5mM Ni2+.
The Y3+ ions alone do not achieve the maximum possible agglomeration (which would
be a peak at 595 nm). By adding 5 mM Ni2+, these ions induce agglomeration at lower
Y3+ concentrations, at which Y3+ alone does not induce agglomeration. If Ni2+ and
Y3+ would attach to different binding sites, the total agglomeration should be increased
to the maximum. However, this is not the case, so they compete for the same binding
sites.
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From the reaction scheme, we know that higher metal ion concentrations (above a cer-
tain value, 5 mM in the case of YCl3) do not lead to larger agglomerates, but to smaller
agglomerates due to the increase in repulsive forces between AuNPs, as these are more
bound to ions of the same higher surface charges.
Figure 4.15: Cross-reactivity of SlfB-AuNP biohybrids in the presence of Ni2+ and Y3+. (A) Shift of
the plasmonic peak due to interactions of SlfB-AuNP biohybrids with YCl3 and YCl3
with a constant concentration of 5 mM NiCl2 plotted against the metal ion concentration.
(B) Average size of the biohybrids in suspension with with YCl3 and YCl3 with a constant
concentration of 5 mM NiCl2. (C) Shift of the plasmonic peak due to interactions of
SlfB-AuNP biohybrids with NiCl2 and NiCl2 with a constant concentration of 5 mM
YCl3 plotted against the metal ion concentration. (B) Average size of the biohybrids in
suspension with with NiCl2 and NiCl2 with a constant concentration of 5 mM YCl3.
The binding of Ni2+ and Y3+ ions would lead to changes in the protein surface
groups, therefore ATR-FTIR was measured. First, SlfB alone interacting with the
metal ions was measured, followed by SlfB-AuNP biohybrids with the metal ions. In
the SlfB samples the protein spectrum shows the characteristic peaks as discussed in
section 4.2.1 (Figure 4.16 (A)). Adding the metal ions induces changes in the spectra.
The amide I band was only downshifted to 1604 cm−1 in the Ni2+ sample, while Y3+
alone (1624 cm−1) and the 1:1 mixture of Y3+ and Ni2+ (1622 cm−1) resulted no
significant change. The increase of the intensity of the amide I band upon binding
of the metals to the S-layer supports previous studies, which found similar behavior
[139]. The absorption by the C=O-stretching of protonated carboxylic acids at ∼1720
cm−1 decreased with the addition of the metals. The amide II at ∼1520 cm−1 de-
creased in relation to the amide I, and seems to be divided. A possible explanation
are antisymmetric COO−-stretching vibrations at ∼1562 cm−1, which were shown for
SlfB binding palladium ions [112]. The feature at ∼1425 cm−1 can be attributed to
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the CH bending vibrations of the peptide-chain [139]. Furthermore, the metal binding
caused the upshifting of the symmetric COO−-stretching mode to ∼1408 cm−1. The
appearance of absorption of the symmetric COO− stretch above 1400 cm−1 previously
was also observed with Ca2+ binding to carboxylates in proteins [290]. This strongly
suggests that carboxylates coordinate the metal ions also in the SlfB S-layers.
Figure 4.16: ATR-FTIR spectra of (A) SlfB or (B) SlfB-AuNP biohybrids interacting with 100 mM
YCl3, 100 mM NiCl2, or a 1:1 mixture of both.
Adding the metal ions to the SlfB-AuNP biohybrids induces changes in the spectra
(Figure 4.16 (B)). In all three samples the amide I band was downshifted, the least
with Y3+ alone (1627 cm−1), followed by the 1:1 mixture of Y3+ and Ni2+ (1622 cm−1),
while Ni2+ alone induced the strongest downshift to 1604 cm−1. The increase of the
intensity of the amide I band upon binding of the metals to the S-layer supports previous
studies, which found similar behavior [139] The amide II at ∼1533 cm−1 decreased
even more than in the pristine SlfB samples, only being visible as slight shoulder in
the SlfB-AuNP biohybrid samples. The feature at ∼1425 cm−1 can be attributed to
the CH bending vibrations of the peptide-chain [139]. The metal binding caused the
upshifting of the symmetric COO−-stretching mode to ∼1410 cm−1, strongest in the
Ni2+ sample. This suggests that carboxylates are involved in the coordination of the
metal ions also in the SlfB-AuNP biohybrids. The downshift of the antisymmetric
COO−-stretching vibrations with the metal binding was previously found to correlate
with bidentate coordination of the ions. Therefore, the bidentate coordination seems
to be the predominant binding mode [112].
Analysis of a simulated YCl3 tap water sample
In real environmental or industrial samples there are several other ions, not just the
metal ion desired for detection. The standardized tests described in the previous sec-
tions were all carried out using deionized water, precisely to minimize the influence of
other ions being present in the water. To simulate a more realistic samples the influence
of low concentrations of unknown ions was tested by adding YCl3 in tap water (Figure
4.17). The Y3+ in tap water samples showed a similar interaction pattern to Y3+ in
ddH2O. In the tap water sample already a small peak shift was visible at low Y3+ of
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Figure 4.17: Interaction of SlfB-AuNP biohybrids with YCl3 in ddH2O and tap water. UV/Vis spectra
of SlfB-AuNP biohybrids interacting with YCl3 in (A) ddH2O, or (B) tap water. (C)
Shift of the plasmonic peak plotted against the metal ion concentration. (D) Average
size of the biohybrids in suspension plotted against the metal ion concentration.
0.1 and 0.5 mM. Again, the maximum peak shift was at 5 mM Y3+, with a reduction
of the peak shift at higher concentrations. Comparing both measurements, the Y3+ in
ddH2O showed a slightly greater peak shift, but the overall shape and response of the
samples was similar (Figure 4.17).
When looking at the DLS data, the Y3+ in ddH2O also showed larger agglomerates
than the tap water samples, but the shape of the curve was still similar (Figure 4.17
(D)). The smaller agglomerate size and peak shift might be due to the other ions
changing the ionic environment and therefore limiting the agglomeration ability. It can
be concluded that low concentrations of unknown ions present in the tap water can
interfere with the reaction mechanism. But the selective detection of Y3+ can still be
achieved, because the overall shape reaction pattern was still present. Therefore, the
SlfB-AuNPs system can be applied to tap water samples.
4.2.3 Detection of Y3+ by using four S-layer-AuNP biohybrids
Depending on the combination of S-layer protein and metal ion species the reaction can
take place in various concentration ranges and result in differences in the shift in the
plasmonic peak. One example of this is the interaction of Y3+ ions with four S-layer-
AuNP biohybrids and AuNPs stabilized with 0.1 % PVA as reference (Figure 4.18).
The Slp1-AuNP biohybrids and the reference did not interact with the tested YCl3
concentrations, maintaining the same red color at all concentrations. The remaining
three biohybrids had different reaction patterns at different YCl3 concentrations. SlfA-
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Figure 4.18: Interactions of four S-layer-AuNP biohybrids with YCl3. (A) Visible reaction pattern.
Stably and weakly reacting AuNPs display red color, while agglomerating AuNPs exhibit
shades of blue. (B) UV/Vis spectra of SslA-AuNP biohybrids with different concentra-
tions of YCl3 (C) Relative absorbance change at different wavelengths. (D) Relative
absorbance change at 575 nm of the four S-layer-AuNP biohybrids with YCl3 [259].
AuNPs interacted with Y3+ ions at a concentration of 8.33 ·10−4 mol/l up to 8.33 ·10−2
mol/l YCl3, evident by a color change to blue/violet. SslA-AuNP biohybrids interacted
at lower concentrations of 1.67 ·10−5 mol/l up to 8.33 ·10−4 mol/l YCl3. The biohybrids
with the S-layer protein of T. thermosulfurigenes EM1 changed color due to interaction
with Y3+ ions from 3.33 · 10−4 mol/l up to 8.33 · 10−2 mol/l YCl3. This differences
in the concentration ranges and also the overall color change offer the possibility to
selectively distinguish an metal ion species by its specific color and UV/Vis absorbance
spectrum. Such a visual detection by comparison of a dilution series of an unknown
sample with known visual patterns is easily transferrable to field measurement or paper
based devices.
However, the visual reactions, while being fast and straightforward to analyze, do not
always give enough information. From the visual pattern alone some of the interactions
can take place in the same concentration range, or are less strong and therefore can
be misinterpreted. The SslA-AuNP biohybrids are one example of such a weak visual
response. To counter this, UV/Vis absorbance measurements can be utilized to get
more information (Figure 4.18 (B)). In the spectra the shift of the plasmonic peak
is clearly visible and can be plotted against the metal ion concentration to generate
specific reaction patterns. According to the UV/Vis spectra, the SslA-AuNP biohybrids
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interacted with Y3+ ions in a concentration range of 1.67 · 10−6 mol/l up to 1.67 · 10−2
mol/l YCl3. The reference spectra without any YCl3 had the plasmonic peak at 525
nm. The addition of YCl3 shifted the peak to higher wavelengths, with the strongest
peak shift to 562 nm at 1.67 ·10−4 mol/l YCl3. At higher YCl3 concentrations the peak
shift is smaller again (534 nm), due to the reaction principle described in Section 4.2.2.
The binding sites of SslA are getting more saturated with Y3+ ions, resulting in less
cross-linking and smaller agglomerates.
In order to obtain a clearer representation of the data and to enable a better com-
parison of the reaction patterns of the different S-layer-AuNP biohybrids, the results of
the UV/Vis measurements can be transformed by calculating the relative absorbance
change. Calculating the relative absorbance change at various wavelengths showed high
relative absorbance changes at wavelengths of 575 nm and above. For the further anal-
ysis, 575 nm was used as the reference, despite 650 nm showing higher values. The
reason for this is the shift of the plasmonic peak up to these wavelengths, 575 nm is
around the maximum of the agglomerated AuNPs and gives a more accurate picture of
the interactions, than the side regions. The further regions can be influenced not only
by the peak shift, but also by the peak broadening. To determine the agglomeration,
the peak maximum position is more significant than the peak width.
Therefore, the absorbance change at a 575 nm (A575nm) was normalized against the
absorbance of the reference sample in the absence of the metal ions (A575nm,reference).
The baseline absorbance at 575 nm of the reference was subtracted from the ab-
sorbance value at 575 nm of the sample with the respective metal ion concentration
(A575nm,sample) (see Equation 4.7). This difference was plotted as a percentage of the
absorbance at 575 nm of the reference measurement. In this way the different S-layer-
AuNP biohybrids can also be compared, despite having differences in the reference
spectra due to the different S-layer proteins used for the functionalization.
δA575nm [%] =
A575nm,reference −A575nm,sample
A575nm,reference
· 100 (4.7)
Figure 4.18 (D) shows the relative absorbance change at 575 nm for the four S-layer-
AuNP biohybrid plotted against the YCl3 concentration. Slp1-AuNP biohybrids also
showed no interaction with the Y3+ ions after the transformation of the UV/Vis spectra.
The other three biohybrids showed interactions. SlfA-AuNP biohybrids had an increase
in the relative absorbance change at 575 nm from 8.33 · 10−4 mol/l up to 8.33 · 10−2
mol/l, with a maximum of 25.92 ± 5.87 % at 1.67 · 10−3 mol/l YCl3. SslA-biohybrids
showed a strong absorbance change starting at 1.67 · 10−5 mol/l up to 3.33 · 10−4 with
maximum values of 118.12± 4.82 % at 3.33 · 10−4 mol/l YCl3 and a decrease at higher
concentrations. The AuNPs biohybrids with the S-layer of T. thermosulfurigenes EM1
had relative absorbance changes from 3.33·10−4 mol/l up to 8.33·10−2 mol/l YCl3, with
the strongest signal of 121.81 ± 7.58 % at 3.33 · 10−4 mol/l YCl3. Additionally to the
different concentration ranges at which the interactions were measured, the reaction
patters were different. According to those experiments, the SslA-AuNP biohybrids
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exhibited the lowest detection limit for YCl3 of all the biohybrids tested within this
study at 1.67 · 10−6 mol/l. Furthermore, the selective determination of YCl3 due to
different reactions patterns of the four S-layer-AuNP biohybrids was possible.
4.2.4 Long term stability
For the later use of the system in real conditions, storage of the sensor solutions is of cru-
cial importance. This would enable the production of larger volumes of sensor solutions
and the subsequent use for measurements over a longer period of time. Furthermore,
this has the advantage of the same sensor solution being used for all measurements and
thus any differences between several functionalization batches are negated. Since the
S-layer proteins are biological materials, there may always be slight changes in differ-
ent batches regarding the adsorption to the AuNPs and the reactivity with the metal
ions. The long-term use of the same batch thus has the advantage that these variations
within the measurement series are always the same.
To test the long-term stability, a batch of SlfB-AuNP biohybrids was stored in three
different conditions: at 4 °C in the dark, at room temperature in the dark and at room
temperature in daylight. At the beginning of the experiment, after one month and after
three months, the interaction with YCl3 was tested (see Figure 4.19).
Figure 4.19: Effect of long term storage on the interaction of SlfB-AuNP biohybrids with YCl3. (A)
UV/Vis spectra in the absence of YCl3 before and after storage. Shift of the plasmonic
peak plotted against the metal ion concentration for biohybrids stored (B) at 4°C in the
dark, (C) at room temperature in the dark, and (D) at room temperature in daylight.
The reference measurements in UV/Vis in the absence of metal ions showed the
storage did not result in changes in the absorption spectra and therefore did not sig-
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nificantly affect stability and particle size (Figure 4.19 (A)). The interaction with YCl3
at concentrations below 5 mM was also unaffected by storage for all conditions. Only
the sample stored at 4 °C in the dark seems to have become even more sensitive after
4 months, since at a lower YCl3 concentration already a peak shift was recorded. How-
ever, this could also be an effect of sedimentation of some of the AuNPs, which would
result in a signal shift at lower concentrations due to the changed ratio of SlfB-AuNP
biohybrids and Y3+ ions. Concentrations above 5 mM led to a saturation of the binding
sites on the protein surface and a less pronounced peak shift at the start of the exper-
iments. There was a noticeable change, already after 1 month storage. The decrease
of the peak shift at higher Y3+ concentrations was lower than in the initial measure-
ment. This means that less binding sites were available and thus there was no longer
such a strong saturation effect. One possible reason for this is partial denaturation of
the proteins. A denaturation of the protein means the folding of the protein changes,
resulting in a lower number of available binding sites. However, this does not affect
the sensitivity of the system for lower ion concentrations. Still, storage effects have to
be taken into account for the S-layer-AuNP biohybrids when analyzing samples with
stored batches.
4.2.5 Miniaturization
To further optimize the system, miniaturization was tested by reducing the working
volume to 10 µl of functionalized AuNPs and 2 µl of analyte solution. The resulting
mixtures were then measured on the NanoDrop 2000 to collect their UV/Vis spectra
(Figure 4.20). While the samples with A525 = 1 still showed comparable values and
the same interaction mechanism, the samples with A525 = 0.1 showed spectra with
more noise and less reliable results. It can be concluded that a miniaturization of
the volumes is possible and the same reaction principle is still applicable. The most
important limiting factor is the instrumentation. Due to the short optical path length,
in combination with the low concentration of AuNPs, the signal-to-noise ratio decreases
and the results become unreliable (see Appendix Figure A.2.1).
Figure 4.20: Miniaturization of YCl3 detection with SlfB-AuNP biohybrids by reduction of the sample
volume. Comparison of measurements with 120 µl sampe with a Cary 100 Bio or 12 µl
sample with a NanoDrop 2000. Position of the plasmonic peak plotted against the metal
ion concentration.
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4.2.6 Biohybrid recovery and reusability
Besides the longterm storage of the biohybrids also the reusability would open up the
system for several additional applications and allow an overall more cost-effective use.
The interaction between the metal ions and S-layer proteins is a chelation [112, 291].
Such a ion-templated chelation process is known to be reversible, by addition of another
strong metal ion chelator, like EDTA, to the solution, which would result in a disag-
glomeration of the functionalized AuNPs [225]. Therefore, the interaction of SlfB-AuNP
biohybrids with Y3+ was documented, then EDTA was added and, after an incubation
time the SlfB-AuNPs were purified by removing the EDTA. Lastly, the reuse of the
same SlfB-AuNP biohybrids for the Y3+ detection, even after multiple cleaning steps
with EDTA, was examined. The results are shown in Figure 4.21. The UV/Vis absorp-
tion spectra show that the initial addition of 5 mM YCl3 resulted in strong plasmon
peak shift towards a higher wavelength from 528 nm to 596 nm. The addition of 10
mM EDTA resulted in a shift back to the starting value of 528 nm. Also after cleaning
the SlfB-AuNPs and resuspension in ddH2O to get rid of the EDTA, the peak position
stayed the same (528 nm). The second addition of 5 mM YCl3 again resulted in an even
stronger shift of the plasmonic peak to a maximum position of 614 nm. The second
cleaning reversed the peak shift to nearly the initial value (530 nm), also after resuspen-
sion in ddH2O. The last addition of 5 mM YCl3 shifted the plasmonic peak to 619 nm.
From the UV/Vis spectra we can clearly see the peak shift due to the agglomeration of
AuNP based on the interaction of YCl3 with SlfB. Clearly a disagglomeration is taking
place when EDTA is present. EDTA is a very strong chelating agent, which competes
with the binding sites of the S-layer proteins and coordinates the Y3+ ions. Without
the Y3+ ions bound to the S-layer no crosslinking was taking place and therefore no
agglomeration was visible. After cleaning the solution from EDTA, the binding sites of
the S-layer proteins were still available, therefore the system could be used again for
the detection of Y3+.
However, the UV/Vis absorption spectra of SlfB-AuNPs interacting with YCl3 were
different from the initial ones. The shift of the plasmonic peak was stronger and the
shoulder at 528 nm was not present anymore. The reason for this is a change in the
SlfB-AuNPs concentration. For the cleaning the solution was centrifuged and resus-
pended in a new solution. In the test the same volume, as the initial solution, was
used for resuspension. Nevertheless, during centrifugation not all the SlfB-AuNPs sedi-
mented, some remained in the solution and got discarded. Therefore, the concentration
of SlfB-AuNPs decreased with each cleaning step, which is evident by the decrease in
maximum absorption values (Figure 4.21 (D)). This in turn changes the ratio of Y3+
ions to SlfB-AuNPs, resulting in more ions per AuNP. This overall leads to a stronger
peak shift, because more crosslinking can take place. Furthermore, in the first interac-
tion sample the shoulder at 528 nm suggests there are still some SlfB-AuNP, which are
not agglomerated. This was not the case for the samples interacting with YCl3 after the
first purification step, suggesting the later samples are almost completely agglomerated.
This challenge can be solved by optimizing the centrifugation and resuspension proto-
coll, to always adjust the maximum absorption to 1. This would result in the same ratio
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Figure 4.21: Reusability test of SlfB-AuNP biohybrids interacting with YCl3 after cleaning with
EDTA. (A) UV/Vis spectra of each step. (B) Position of the plasmonic peak. (C)
Shift of the plasmonic peak in relation to the initial UV/Vis absorption spectrum of
SlfB-AuNP without YCl3. (D) Maximum absorption values at the plasmonic peak for
each step.
of SlfB-AuNPs to Y3+ ions leading to a more reproducable result of the first interac-
tion. Despite the changes in the SlfB-AuNP concentration after repeated cleanings with
EDTA, a use for measurements is possible and thus a regeneration of the biohybrids
is provided. Additional tests with SlfB-AuNP and SslA-AuNP biohybrids interacting
with CuCl2 showed similar results, proving the reusability (see Appendix Figure A 3.1
and A 3.2).
4.2.7 Influence of counterions
Besides the competition of metallic cations for the binding sites, also the counteri-
ons from the metal salts could play a role. Different counterions induce differences
in charge and ionic environment. This could change the surface charge of the S-layer
proteins, resulting in different binding behaviour. To study wether or not the counte-
rions influence the binding, S-layer-AuNP biohybrids were tested with the same metal
ion and three different counterions (Cu(NO3)2, CuSO4, and CuCl2). The interactions
were studied with Cu2+ ions because they exhibited a strong interaction signal with
the biohybrids. The interactions of SlfB-AuNP biohybrids with Cu(NO3)2, CuSO4, and
CuCl2 are shown in Figure 4.22. There was a color shift from red to violet, starting at 1
mg/l concentrations, intensifying with higher concentrations and a strong blue color at
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Figure 4.22: Interaction of SlfB-AuNP biohybrids with Cu(NO3)2, CuSO4, or CuCl2. (A) Photo of
the visible color change. (B) Shift of the plasmon peak measured by UV/Vis plotted
against the metal ion concentration. CHECK mg/l or M concentration?!
1000 mg/l. The blue color was similar for Cu(NO3)2 and CuCl2, but slightly darker for
CuSO4. UV/Vis spectroscopy confirmed this overall reaction. At 1 mg/l the first shift
of the plasmonic peak was measured for all three solutions. The shift slightly decreased
at 10 mg/l, then increased again at 100 mg/l up to the strongest shift in 1000 mg/l.
At 1000 mg/l CuSO4 exhibited less shift than the other two solutions. Besides, the
difference at the highest concentration SlfB-AuNP biohybrids showed the same overall
reaction pattern with Cu2+ ions, independent of the counterions.
Due to the different structure of the S-layer proteins differences in the influence of
counterions on the respectiv interations with the metal ions are possible. Therefore, not
only SlfB-AuNP biohybrids were tested, but also SslA-AuNP biohybrids. From literatur
and the previous studies SslA was shown to have affinity for different metal ions than
SlfB and therefore can give more insight in the influence of counterions in different S-
layers. The interactions of SslA-AuNP biohybrids with Cu(NO3)2, CuSO4, and CuCl2
are shown in Figure 4.23. There was a color shift from red to violet, starting at 1
mg/l concentrations, intensifying with higher concentrations and a strong dark purple
color at 1000 mg/l. The purple color was similar for Cu(NO3)2 and CuCl2, but slightly
more red for CuSO4. UV/Vis spectroscopy confirmed this overall reaction. However,
the first shift of the plasmonic peak was already measured at 0.1 mg/l concentration
for all three solutions. The peak shifted further towards higher wavelenght at 1 mg/l
concentrations, before slightly decreasing at 10 mg/l. It stayed at a similar level at 100
mg/l, before increasing up to the strongest shift at 1000 mg/l. At 1000 mg/l CuSO4
exhibited the least shift (28 nm), with Cu(NO3)2 inducing more shift (38 nm) and
CuCl2 exhibiting the strongest shift (60 nm). Besides the difference at the highest
concentration SslA-AuNP biohybrids showed the same overall reaction pattern with
Cu2+ ions, independent of the counterions.
For the highest concentration of copper ions also the color of the metal salt solution
has to be taken into account (see also Figure 4.2). The copper solutions appear blue,
because the copper ions from Cu(NO3)2, CuSO4, and CuCl2 are in the (II) oxidation
state. Due to the interaction of the Cu2+ ions with water molecules acting as ligand, d-d
transitions can take place, which need energy from the visible light, resulting in a specific
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Figure 4.23: Interaction of SslA-AuNP biohybrids with Cu(NO3)2, CuSO4, or CuCl2. (A) Photo of
the visible color change. (B) Shift of the plasmon peak measured by UV/Vis plotted
against the metal ion concentration.
absorption of these solutions. High concentrations of Cu2+ have a strong absorbance
in the region around 635 nm. This overlaps with the spectrum of the agglomerated
AuNPs. However, this interference needs to be taken into account only at the highest
concentrations, because at concentrations of 100 mg/l and lower the AuNPs absorbance
signal is sufficiently strong to not be disturbed by the copper absorbance.
4.2.8 Lanthanum and gadolinium
Lanthanum and gadolinium are two newly emerging pollutants, due to their broad use
in batteries and medical applications, e.g. MRI contrast agents. Current studies on the
pollution levels in tap and river water have shown their increase within the last years
[17, 18]. Therefore, they need to be monitored more closely. Easy to use systems, like
the colorimetric biohybrid assay presented here, would enable the fast and appropriate
deployment of additional remediation efforts to minimize environmental and health
hazards.
Figure 4.24: Interactions of SlfB-AuNP biohybrids with lanthanum and gadolinium. (A) UV/Vis
spectra with gadolinium, (B) UV/Vis spectra with lanthanum, and (C) Shift of the
plasmonic peak plotted against the metal ion concentration.
The likelihood that S-layer proteins are able to also bind these ions, either at their
Ca2+ binding sites or at more specific sites, is very high [114]. Therefore, the SlfB-
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AuNP and SslA-AuNP biohybrids were tested with standard solutions of lanthanum
and gadolinium.
SlfB-AuNP biohybrids interacting with gadolinium showed the first peak shift at 10
mg/l concentration, a similar peak shift at 100 mg/l and again an stronger peak shift
to higher wavelengths at 1000 mg/l (Figure 4.24). The interaction with lanthanum also
showed the first strong peak shift at 10 mg/l concentration, but then a decrease in
the peak shift at 100 mg/l (to a similar position as with gadolinium at 100 mg/l) and
again an strong peak shift to higher wavelengths at 1000 mg/l, even stronger than with
gadolinium.
SslA-AuNP biohybrids interacting with gadolinium and lanthanum exhibited very
similar behaviour for both elements: the first peak shift at 10 mg/l concentration,
a slightly weaker peak shift at 100 mg/l and again an stronger peak shift to higher
wavelengths at 1000 mg/l (Figure 4.25).
Figure 4.25: Interactions of SslA-AuNP biohybrids with lanthanum and gadolinium. (A) UV/Vis
spectra with gadolinium, (B) UV/Vis spectra with lanthanum, and (C) Shift of the
plasmonic peak plotted against the metal ion concentration.
Both of the biohybrids exhibited interactions with the two elements. However, the
SlfB-AuNP biohybrids had a different reaction with gadolinium and lanthanum. There-
fore, using this system, a distinction between these two elements is possible. With the
SslA-AuNP biohybrids, the interaction pattern was the same for both gadolinium and
lanthanum. The overall peak shift was stronger in this system, when compared to
the SlfB-AuNP. This is most likely to differences in the protein structures, resulting in
different surface charges and different binding sites.
4.2.9 Screening of eight S-layer-AuNP biohybrids with different metal ions
The previous sections have shown the metal binding capability of S-layer proteins can
be used for sensing applications. To further study the specificity of the interactions
between metal ions and S-layer-AuNP biohybrids, an assay of multiple S-layer-AuNP
biohybrids was studied. Eight S-layer proteins from different bacteria species were used
for the biofunctionalization of the AuNPs (see Table 3.1). The resulting biohybrids were
then tested with an array of different metal ion solutions for their interaction. The
results are depicted in Figure 4.26. Blue colored cells represent a visible interaction
of the S-layer-AuNP biohybrid with the respective metal ion solution, evident as a
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Figure 4.26: Schematic representation of the colorimetric reactions for eight different S-layer protein
functionalized AuNPs with the tested analytes. Blue signifies an interaction with the
respective analyte, while the light red squares represent no detectable reaction. For
some of the tests no data was available (n/a). Reference were AuNPs stabilized with
0.1 % PVA. Adjusted from Jung et al. 2019 with additional data fo CuCl2, CuSO4,
Cu(NO3)2, Gd2O3, and La2O3 [259].
plasmon peak shift and color change. In the red colored combinations no interaction
was measured. It is important to note, this representation only shows if there was a
detectable interaction measured. As was shown for the interactions of SlfB with nickel
and yttrium, these interactions can take place in different concentration ranges and
induce weak or strong color changes. However, this figure gives an overview on which
S-layer proteins can interact with which metal ions. AuNPs stabilized with 0.1 % PVA
were used as reference for the absence of interactions.
All of the S-layer proteins used to generate biohybrids with AuNPs interacted with
at least two of the examined metal ion solutions. Due to the nature of the interaction
between S-layer proteins and metal ions, a complexation with some of the many func-
tional groups present on the S-layer surface, such as -NH2, -NH, -OH, -CO, -COOH,
-SH and -PO3−4 was expected. These findings are also in line with the literature, where
the binding of multiple metal ion species for S-layer proteins was described [42, 43, 112].
The shown table further supports the notion of complexation being the main mode of
interaction between S-layer proteins and metal ions. If the interactions would have been
only electrostatic and therefore unspecific, the results should have also shown the same
or at least a very similar reaction for all of the combinations. This is due to the fact
that the S-layer proteins all possess similar surface groups and the metal ions are all
multivalent positively charged ions. However, this is clearly not the case. None of the
tested biohybrids interacted identically for all the analytes, all of the combinations of
metal ions and S-layer proteins displayed different reaction patterns. The use of said
reaction patterns for the distinction of the metal ions will be discussed in the next
section.
There were some metal ions, which interacted with many or all S-layer proteins, e.g.
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HAuCl4 and CuSO4, while others only interacted with a few of them, e.g. Gd2O3. The
interaction of all of the S-layer-AuNP biohybrids with HAuCl4 and CuSO4, suggests
they have at least one identical binding site for these two analytes, despite their different
sequences or amino acid structures.
While HAuCl4 and CuSO4 were detected by all eight S-layer-AuNP biohybrids, the
other metal ions showed reduced binding to at least three different S-layer-AuNP biohy-
brids. It is also interesting to note that the counterions in the different copper solutions
led to differences in the interactions in three of the S-layer-AuNP biohybrids. So while
SlfB and SslA are seemingly not influenced by the counterions, the S-layer proteins of
L. sphaericus JG-B62, Slp1 of L. sphaericus JG-B53 and SlfA of L. sphaericus NCTC
9602 are.
Notably, the SbsA protein of G. stearothermophilus ATCC 12980 functionalized S-layer
AuNP system reacted with all the analyte solutions tested. SslA of S. ureae ATCC
13881 interacted with all but one of the tested metal ions.
The reactivity (Number of S-layer proteins showing interactions) from low to high was
as follows: Na2HAsO4, Gd2O3 < Ga(NO3)3, K2PtCl4, La2O3 < Cu(NO3)2, InCl3,
NiCl2, Sm(NO3)3 < Ho(NO3)3, YCl3, CuCl2 < HAuCl4, CuSO4. There seems to be
no clear correlation of reactivity with oxidative state, atomic mass, atomic number,
electronegativity or atomic radius. There is no clear correlation between the reactivity
and whether or not the material is a transition metal, metalloid or lanthanide. If all the
S-layer proteins possessed binding sites with low specificity or the binding in general
was based on a non-specific interaction (like electrostatics), there would be some sort
of correlation between the metal ion characteristics and the reactivity. Because this is
not the case, the binding sites are most likely characteristic for the respective S-layer
protein. Furthermore, these binding sites are unique for each S-layer protein, and ex-
hibit some form of selectivity, because each of the S-layer proteins binds multiple metal
ion species. Moreover, from the experiments with SlfB-AuNP biohybrids interacting
with nickel and yttrium we already saw both metal ions influencing the binding of the
other and that they can be exchanged. Therefore, we know the binding sites are not
exclusively specific.
It is interesting to note that all the biohybrid systems with the four types of S-layer
from a species of L. sphaericus showed different reaction patterns to the analytes. Due
to their phylogenetic proximity, more similarities in the reaction model were expected.
While the biohybrids with the SlfA protein of L. sphaericus NCTC 9602 reacted with
nine analytes, the biohybrids with L. sphaericus JG-B62 reacted with only two analytes.
The tested S-layer AuNP system with the SslA protein interacted with all selected
analytes except Na2HAsO4. The biohybrids with the S-layer of T. thermosulfurigenes
EM1 interacted with all analytes except Gd2O3 and K2PtCl4. Finally, the S-layer of L.
fusiformis DSMZ 2898 in the biohybrid exhibited a reaction with Na2HAsO4, HAuCl4,
CuSO4, Ho(NO3)3, and YCl3.
The following sections will further demonstrate the selectivity of the method. First,
by the reaction of different S-layer proteins with a single specific analyte, and second,
by different reaction patterns of one S-layer-AuNP biohybrid with different analytes.
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4.2.10 Reactivity of four S-layer AuNP biohybrids with HAuCl4, Ho(NO3)3,
InCl3 and YCl3
Next, the selectivity of the S-layer-AuNP biohybrids for several analytes was studied.
The four S-layer-AuNP biohybrids described in the previous section were tested with
HAuCl4, Ho(NO3)3, InCl3 and YCl3 (Figure 4.27). To compare the different reaction
patterns the relative absorbance change at 575 nm was plotted against the metal ion
concentration.
Figure 4.27: Interactions of four S-layer-AuNP biohybrids with four metal ion species. Relative ab-
sorbance change at 575 nm of AuNPs functionalized with S-layer protein (A) Slp1 of L.
sphaericus JG-B53, (B) of T. thermosulfurigenes EM1, (C) SlfA of L. sphaericus NCTC
9602, and (D) SslA of S.ureae ATCC 13881 tested for different metal ions [259].
For the AuNPs functionalized with Slp1, only interactions with HAuCl4 were mea-
sured, with the first exctinction change of 12.89 ± 4.19 % at 3.33 · 10−6 mol/l and an
increase of the absorbance change up to 74.85±19.57 % at 1.67 ·10−2 mol/l. Already a
small absorbance changes was assessable at the lowest measured HAuCl4 concentration
of 1.67 · 10−6 mol/l (5.06± 2.16 %). These findings are interesting in view of the metal
binding results (Section 4.1.2). In the experiments with the whole bacteria only Au3+
ions resulted in the formation of nanoparticles on the cell surfaces, the other ions tested
(Cu2+, Ho3+, Sm3+ and Y3+) only metallized the flagella, not the cell surface. There-
fore, the S-layer proteins on whole cells interacted only with the Au3+ ions, like the
isolated S-layer proteins used for the Slp1-AuNP biohybrids. This suggests the isolation
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and functionalization procedures did not alter the natural biosorption characteristics of
Slp1.
The S-layer-AuNP biohybrids with the S-layer protein of T. thermosulfurigenes EM1
interacted with all four metal ion solutions. With HAuCl4 the first reaction was at
3.33·10−6 mol/l (6.37±2.32 %), followed by the strongest absorbance change of 114.64±
29.46 % at 1.67 · 10−5 mol/l. By increasing the analyte concentration, the absorbance
gradually decreased to 31.16 ± 8.67 % at 8.33 · 10−2 mol/l. The interactions with
Ho(NO3)3 and YCl3 where very similar, with the first reaction at 3.33 · 10−4 mol/l
(113.03 ± 29.01 % and 121.81 ± 30.83 %), then a decrease in the relative absorbance
change up the concentration of 1.67 · 10−3 mol/l (69.91 ± 17.86 % and 83.44 ± 21.46
%). Higher concentrations then again increase the absorbance change. Only the highest
concentration (8.33·10−2 mol/l) differed, with Ho(NO3)3 decreasing to 46.39±12.15 %),
while YCl3 had the highest absorbance change of 133.74±34.14 % at this concentration.
The similarity in the reaction patterns for Ho(NO3)3 and YCl3 indicated an analogous
binding mechanism with both elements. Lastly, InCl3 needed the highest concentration
(8.33 · 10−4 mol/l) of the four solutions to induce a reaction (74.17 ± 18.77 %) and
exhibited slightly less relative absorbance change at higher concentrations.
The SlfA-AuNP biohybrids interacted with three of the four metal ion solutions, only
not with InCl3. With HAuCl4 the first reaction was at 3.33 · 10−6 mol/l (6.30 ± 2.52
%). By increasing the metal ion concentration, the absorbance gradually increased up
to 31.62 ± 8.33 % at 1.67 · 10−2 mol/l. The interactions with Ho(NO3)3 showed the
first interaction at 1.67 · 10−3 mol/l (16.76 ± 4.70 %) and a decrease of the relative
absorbance change at higher concentrations down to −25.60 ± 6.99 % at 8.33 · 10−2
mol/l. Interactions with YCl3 had the first reaction at 3.33 · 10−4 mol/l (5.67 ± 1.43
%), with the maximum absorbance change of 25.92± 7.13 % at 1.67 · 10−3 mol/l and a
slight decrease at higher concentrations down to 17.55± 4.55 % at 8.33 · 10−2 mol/l.
Finally, the SslA-AuNP biohybrids interacted with all four metal ions solutions. The
lowest detection limit was measured with HAuCl4 at 3.33 · 10−6 and an absorbance
change of 100.63 ± 16.33 %. Increasing the HAuCl4 concentration, the absorbance
change initially decreased to about half (53.68 ± 4.12 %), before increasing again to
102.72±0.11 % at a concentration of 1.67·10−2 mol/l. Very low absorbance changes were
assessable at the lowest measured HAuCl4 concentration of 1.67 ·10−6 mol/l (5.21±1.22
%). For Ho(NO3)3 and YCl3, the SslA biohybrids showed similar reaction patterns.
Both had the first exctinction change at 3.33 ·10−6 mol/l (87.37±17.31 % and 106.47±
5.64 %) and very strong absorbance changes between 3.33 · 10−5 and 1.67 · 10−4 mol/l,
before decreasing again at higher concentrations down to 46.64±1.36 % (Ho(NO3)3) and
65.07±8.26 % (YCl3) at 1.67 ·10−2 mol/l. Again the similarity in the reaction patterns
with Ho(NO3)3 and YCl3 can indicate similar binding sites being involved. Collating
theses findings with the metal binding results (Section 4.1.2) gives interesting insights.
In the experiments with the whole bacteria Au3+, Ho3+ and Y3+ ions resulted in the
formation of nanoparticles on the cell surfaces, the other ions tested (Cu2+ and Sm3+)
did not result in visible nanoparticle formation. Therefore, the S-layer proteins on whole
cells interacted with these three ions. The isolated S-layer proteins used for the SslA-
AuNP biohybrids on the other hand interacted with all the ions tested in with the whole
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cells (see also Figure 4.26). Also Sm3+ and Cu2+, whcih did not result in nanoparticle
formation on the whole cells, exhibited aggregation in the colorimetric system due to
interactions between the S-layer proteins and these ions. This suggests the isolation and
functionalization procedures did alter the natural biosorption characteristics of SslA,
decreasing the binding selectivity.
Overall, the unique interaction patterns described above can be used to specifiy one
metal ion species present in an unknown sample. By comparing a dilution series of an
unknown sample to the specific absorbance curves, the concentration of the unknown
sample can be determined (if the metal ions have been tested before). By testing the
unkown sample with multiple S-layer-AuNP biohybrids, a distinction between multiple
ions in solution via colorimetric assay would also be possible. However, such a screening
assay needs an extensive database of reaction patterns of known metal ion combination.
As the cross-reactivity experiments in section 4.2.2 have shown, the metal ions can com-
pete for the same binding sites, therefore it is necessary to first test the combinations,
before being able to test unknown samples.
Sequence comparison of S-layer proteins SlfB, Slp1, SlfA, SslA and SbsA
The previous sections have shown the broad variability in the interactions of S-layer
proteins with metal ions. Previous studies have described the biological phylogeny and
sequence identetity of several of the tested S-layer proteins. A high similarity of 98
% between SlfB (L. sphaericus JG-A12) and SlfA (L. sphaericus NCTC 9602) was
pubished, as well as 67 % sequence identity of Slp1 (L. sphaericus JG-B53) to SlfB
and 65 % sequence identity of Slp1 to SlfA [110, 111]. In our sequence identity tests by
using BLAST and the available protein sequences from the protein database, the highest
sequence identity (79%) was found for both SlfB and SlfA (Figure 4.28). The three S-
layer proteins from the same species L. sphaericus (SlfA, SlfB and Slp1) demonstrated
high sequence identities. The remaining two S-layer proteins SslA (S. ureae ATCC
13881) and SbsA (G. stearothermophilus ATCC 12980) had sequence identities of 52
% or below. Differences between the literature values and our results are due to the
different software used for sequence comparison, as well as the used version of the
software.
Figure 4.28: Sequence identity data from protein BLAST of five S-layer proteins. Green indicates
high sequence identity, and red low sequence identity [259].
The expectation of the sequence identity data was a high sequence similarity would
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indicate similar interactions with the metal ions. A high sequence identity means the
proteins have a very similar amino acid sequence, which would result in similar binding
sites. However, this was not the case. Both SlfA and SlfB showed different interactions
with the metal ions. Only in 7 out of the 14 tested metal ion species both showed a
reaction, which also was different for the respective ions. So, despite a high sequence
identity, they reacted very different. Therefore, the amino acid sequence itself is not
the only factor responsible for the different binding capability. Based on the amino
acid sequences alone, it is not possible to predict the binding pattern of the S-layer
proteins. Their affinity for specific metal ions has to be experimentally determined.
Post-translational protein modifications are the most likely reason why such a correla-
tion between metal ion binding and amino acid sequence is not possible. Studies have
shown differences in growth conditions of the bacteria can lead to post-translational
modifications of the S-layer proteins, impacting the binding capacity of S-layer proteins
[56, 110].
4.2.11 Comparison with other detection methods
The section on the colorimetric sensing of metal ions with S-layer-AuNP biohybrids
has shown the interaction principles, as well as the sensitivity, long-term storage and
reusability of the system.
Currently, the most used system for such detection applications is ICP-MS. The
detection limits of optimized ICP-MS reaches 2 · 10−11 mol/l [37]. Other systems for
the detection of heavy metals include the detection of nickel with chemically patterned
microfluidic paper devices, which result in a detection limit of 4 · 10−6 mol/l [292].
Commercially available systems like the MColortest (Merck KGaA, Germany) for single
metal ion species like copper and nickel have a similar detection limit of 4.7 · 10−6
mol/l (copper) and 8.5 · 10−6 mol/l (nickel). Other systems use fluorescence by metal
ion controlled photoinduced electron transfer in zinc porphyrin-quinone-linked dyad to
detect the binding of Y3+ ions down to 4 · 10−4 mol/l [293].
The detection limit of the S-layer-AuNP biohybrids for Y3+ was 3.33 · 10−6 mol/l,
which is considerably lower than the fluorescence system described in literature and in a
similar concentration range as the commercially available chemical tests. Additionally,
the S-layer-AuNPs have the advantage of not only detecting one metal ion species, but
several. While this results in the need of an extensive database of known interaction
patterns, this enables the detection of a broad range of elements with just one assay.
Furthermore, the sample handling and analysis is very straightforward, less complicated
than ICP-MS systems and could easily be automated. Using the recovery process
described in Section 4.2.2, a further cost reduction is possible. Overall, the presented
S-layer-AuNP biohybrids represent a cost effective system for the detection of a broad
range of metal ions.
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4.3 S-layer proteins on flat gold surfaces
To get a deeper understanding of the colorimetric sensor system, the same S-layer-gold
interaction was studied on a flat surface instead of curved AuNPs. It is known that
proteins can have different characteristics, depending on the surface they are bound to
[208]. Therefore, it is important to compare different surfaces (e.g. curved and flat gold
surfaces) for their suitability in S-layer sensing applications. For this, Surface plasmon
resonance (SPR) spectroscopy chips, gold coated silicon wafers and quartz crystals were
used for the functionalization with S-layer proteins. In this section, the method of SPR
spectroscopy was adapted for the possible detection of metal ions by S-layer proteins,
enabling the measurement of the binding kinetics of the S-layer proteins to flat surfaces
and the subsequent interactions with metal ions. TOF-SIMS measurements were per-
formed to compare the metal binding on flat gold surfaces and the possible competition
of nickel and yttrium with the colorimetric system. Furthermore, AFM imaging was
utilized to characterize the S-layer protein lattices used in such experiments.
4.3.1 SPR spectroscopy with S-layer proteins for sensing
SPR spectroscopy is a highly sensitive and flexible method for the label-free detection
of biomolecular interactions that enables the detection of metal ions as well as the
regeneration of the sensor chips [261, 278, 274]. The method is based on changes in
the evanescent field of the gold, resulting from plasmon resonance excitation on the
gold surface when light of a certain wavelength hits the surfaces at a specific angle
[274, 275]. There is a dependency of the angle on the refrractive index of the medium
within a boundary layer on the gold (approximately 200 nm). Changes in the refractive
index result in shifts of the SPR position. Using this technique, adsorption and binding
of molecules, as well as changes in the adjacent medium on the gold surface can be
measured. In the used system the S-layer protein and subsequent metal ion binding
was measured online. After an activation step, the S-layer proteins were added and
recrystallized on the flat gold surface within 60 min. Then metal ion solutions were
added to test the interactions of the S-layer proteins with the metal ions.
SlfB interactions with NiCl2 and YCl3
To get further insight in the interactions of S-layer proteins and metal ions, the SPR
system was tested with SlfB (from L. sphaericus JG-A12) against NiCl2 and YCl3
to determine the interactions of the S-layer protein with Ni2+ and Y3+ ions. The
use of SlfB further enables the comparison with the colorimetric assay, deepening the
understanding of the interactions between SlfB and metal ions. First, the binding of
YCl3 was tested by adding increasing metal ion concentrations (Figure 4.29). After
cleaning the gold surface of the SPR chip, the surface was activated by plasma and 10
mM MgCl2 was added to facilitate the recrystallization of SlfB on the surface. The
binding of the S-layer protein was demonstrated, as evident by a strong and sustained
signal increase even after rinsing the system. The first addition of 1 µM YCl3 resulted
in a minor sustained increase in the SPR signal. The next concentration of 10 µM YCl3
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Figure 4.29: SPR measurement with SlfB S-layer protein of L. sphaericus JG-A12 with YCl3. (A)
SPR signal over time. Addition of the respective solutions is indicated. (B) Sustained
SPR-signal after flushing of the system. A sustained signal increase after flushing with
ddH2O suggests a binding of the metal ions.
resulted in a stronger increase of the signal (Figure 4.29 (B)). The concentration of 100
µM YCl3 caused only a minor signal shift. The remaining concentrations did not lead
to any further signal increase, suggesting the saturation of the binding sites.
Special attention was devoted to the cross-reactivity of NiCl2 and YCl3 (Figure 4.30).
For this, first one metal-ion solution was added, then the system was rinsed with ddH2O,
before adding the other metal-ion solution and rinsing again. This can be used to test
whether the ions can displace each other from the binding sites. In addition, a 1: 1
mixture of the two solutions was also measured to test for simultaneous competition for
the binding sites. The measurements showed that adding only NiCl2 followed by YCl3
results in a higher SPR signal for both metal ions, than when first adding YCl3 and
then NiCl2 (Figure 4.30). A possible reason for this is that the binding of Ni2+ leads
to a partial unfolding of the protein, thus making more binding sites available for the
Y3+ ions. Thus, all available binding sites are first occupied by Ni2+ ions, which then
makes new binding sites available for Y3+ ions. The mixture of NiCl2 and YCl3 shows
a lower SPR signal than the individual metal-ion solutions, since both ions compete
for the binding sites. It seems the competition is decreasing the overall ability to bind
the metal ions, which leads to a lower signal. The colorimetric results on the cross-
reactivity of SlfB with NiCl2 and YCl3 also showed they compete for the same binding
sites, which is in line with the colorimetric findings. This competition between Ni2+ and
Y3+ ions for the same binding sites was also confirmed by TOF-SIMS measurements
(Figure 4.34 and 4.35). It was shown that the addition of the second metal-ion solution
in each case leads to a displacement of the previously added ions.
Comparing the results of the colorimetric SlfB-AuNPs system with SlfB on the flat
gold surfaces of the SPR chips gives insights into the influence of the surface curvature
on the biosorption characteristics of SlfB. In the colorimetric system SlfB interacted
with both Ni2+ and Y3+ ions, with the lowest detected concentration being 2.5 mM for
both (Figure 4.15). Using the SPR system the interaction of SlfB with both Ni2+ and
Y3+ ions were detected. With Y3+ the detection limit was decreased to 1 µM (Figure
4.29). This suggests the selectivity of SlfB for different metal ions is not influenced
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Figure 4.30: SPR measurement with SlfB S-layer protein of L. sphaericus JG-A12 with NiCl2 and
YCl3. (A) adding first 100 mM NiCl2 and then 100 mM YCl3, (B) adding first 100 mM
YCl3 and then 100 mM NiCl2, (C) adding a 1:1 mixture of 100 mM NiCl2 and 100 mM
YCl3, and (D) SPR signal of each measurement step.
by the different surface curvatures. The difference in the detection limit is most likely
due to the overall differences in the systems. While SPR spectroscopy resulted in lower
detection limits the measurement process and data analysis was more complicated and
took more time, than the colorimetric assay.
SslA interactions with CuSO4 and YCl3
Additionally to SlfB, the SslA protein of S. ureae ATCC 13881 was used due to the
strong interactions visible in the colorimetric tests and to compare the behaviour of
different S-layer proteins on flat gold surfaces. SslA was tested with CuSO4 and YCl3,
to determine the interactions of the S-layer protein with Cu2+ and Y3+ ions. The
interactions with CuSO4 are presented in Figure 4.31 (A). After the activation with
MgCl2, the binding of SslA was visible as a strong shift of the SPR signal. The binding
interaction shows an asymptotic shape, with a strong and fast signal shift in the initial
part and slower and less increase at later stages. The signal remains high, even after
flushing the system with ddH2O, therefore the successful binding and stability of the
protein layer on the gold surface was confirmed. The signal is shifted, when adding
the SslA protein, because the protein changes the refractive environment on the gold
surface, which changes the plasmonic resonance. The first concentration of 5·10−5 mol/l
CuSO4 already resulted in a strong signal shift, which remained stable after cleaning
with ddH2O. Higher concentrations of CuSO4 did not lead to a lasting signal increase
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after cleaning. Therefore, already the first concentration (5 · 10−5 mol/l) saturated all
the CuSO4 binding sites on SslA.
Figure 4.31: SPR measurement with SslA S-layer protein of S. ureae ATCC 13881 with (A) CuSO4
and (B) YCl3 [284].
The interactions with YCl3 are presented in Figure 4.31 (B). After the activation with
MgCl2, the binding of SslA was visible as a strong shift of the SPR signal. The binding
interaction shows an asymptotic shape, with a strong and fast signal shift in the inital
part and slower and less increase at later stages. The signal decreases slightly after
flushing the system with ddH2O, but it was substantially higher than before adding the
SslA. Therefore, the successful binding and stability of the protein layer on the gold
surface was confirmed. The lowest YCl3 concentration of 1 · 10−9 mol/l led to a small
increase in the SPR signal, which also decreased again after flushing with ddH2O. Up
until 1 ·10−6 mol/l there are some temporary signal shift, which all decrease again after
washing with ddH2O. The concentration of 1 · 10−4 mol/l induced a strong SPR signal
shift, which also remained higher after the washing step. Higher concentrations did not
result in further increase of the signal. Therefore it seems the concentration of 1 · 10−4
mol/l was necessary to saturate the binding sites of SslA with Y3+ ions.
The binding of SslA to the flat gold surface was demonstrated in SPR, allowing
the detection of CuSO4 and YCl3 with detection limits of 5 · 10−5 mol/l CuSO4 and
1 · 10−9 mol/l YCl3. Comparing these results of SslA on the flat gold surfaces of
the SPR chips withf the colorimetric SslA-AuNP biohybrids gives insights into the
influence of the surface curvature on the biosorption characteristics of SslA. In the
colorimetric system SslA interacted with both Cu2+ and Y3+ ions, with the lowest
detected concentration being 100 µM for Cu2+ (Figure 4.23) and 16.7 µM for Y3+
(Figure 4.18 (D)). Using the SPR system the interaction of SslA with both Cu2+ and
Y3+ ions were detected. For both metal ions the detection limit was decreased utilizing
SPR spectroscopy, down to 50 µM Cu2+ and 1 nM Y3+ (Figure 4.31). This suggests the
selectivity of SslA for different metal ions was not influenced by the different surface
curvatures. The difference in the detection limit was most likely due to the overall
differences in the systems. While SPR spectroscopy resulted in lower detection limits
the measurement process and data analysis was more complicated and took more time,
than the colorimetric assay. Therefore the colorimetric S-layer-AuNP biohybrid assays
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are overall more suited for fast measurements in applications which need fast results,
but less sensitivity. SPR spectroscopy on the other hand could be established as a
measurement procedure in a lab environment, resulting in a higher sensitivity.
SPR chip regeneration
In view of the overall scope of this project, ressource efficiency is of major importance.
Therefore, also the reusability of the SPR chips would not only be in important step
towards a cost-efficient sensor, but also help minimize the materials needed for the
system. Several methods were tested to regenerate the SPR chip for reuse. The three
protocols were: 1) washing with EtOH, 2) washing with ddH2O, EtOH and plasma
cleaning, and 3) cleaning with nitric acid (HNO3, 65%) and a neutralization solution
(H2O2, NH4OH and ddH2O) (Figure 4.32 (A)).
Figure 4.32: Cleaning of SPR chips after measurement with SlfB S-layer protein of L. sphaericus
JG-A12. (A) The three cleaning procedures were washing with ethanol, washing with
ddH2O, EtOH and plasma cleaning, and 3) cleaning with nitric acid (HNO3, 65%) and a
neutralization solution. (B) SPR measurement with SlfB S-layer protein of L. sphaericus
JG-A12 before (left of dotted line) and after (right) cleaning the chip with nitric acid.
The break was due to taking the chip out of the system for the cleaning procedure.
Only the third protocol with nitric acid provided a complete cleaning of the chip, as
shown by the decrease of the SPR signal to the level of nonfunctionalized SPR chips
(see Figure 4.32 (B)). Therefore, this protocol can be set up to clean SPR chips and
optimize the resource efficiency of our system by reusing the chip. The other two
methods however did not result in comparable cleaning results, evident by the still
higher SPR signal after the cleaning.
After a cleaning procedure was established, the reusability of the chips after cleaning
has been tested. For this purpose, the same chip was cleaned several times with HNO3
and then the binding of SlfB to the gold surface was measured by SPR (Figure 4.33).
The results showed that after 4 clean-up runs the zero value and thus the signal from
the pure gold surface increases slightly. Thus, after 4 cleanings, a change in the gold
surface has occurred. However, in all measurements with SlfB a binding to the gold
surface was measured. The strength of the SPR signal shift was between 45 and 65
and was not significantly affected by the increased start value in the fifth cleaning
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repetition. It follows that even after repeated cleaning of the SPR chip with HNO3 a
use for measurements is possible and thus a regeneration of the SPR chip surface is
given.
Figure 4.33: Reusability of SPR chips determined by S-layer binding. (A) SPR measurement of the
binding of SlfB S-layer protein of L. sphaericus JG-A12 after several cleaning steps. (B)
SPR signal at the beginning of each cleaning repetition. (C) SPR signal shift due to
binding of SlfB for each cleaning repetition.
The proven reuasbility of the SPR chips results in another advantage of this method.
While SPR spectroscopy did not result in a decrease of the expertise needed for the
measurements and data analysis, the combination with S-layer proteins resulted in
a remarkable detection limit in the nM range and enable the development of cost-
and resource-efficient measurement protocols by reusing the chips. Furthermore, SPR
spectroscopy could be improved by varying the functionalization of the chip and by
using more than one S layer on a single chip, in order to develop single-chip detection
systems for several metal ions and rare earth elements.
4.3.2 TOF-SIMS of SlfB and SlfB-AuNPs with NiCl2 and YCl3
TOF-SIMS data was acquired to further study the competition of Ni2+ and Y3+ ions
for the binding sites on SlfB. For this the samples SlfB alone or SlfB-AuNP biohybrids
were adsorbed to gold surfaces, before adding the metal ion solutions. The single metal
ion solutions were tested, as well as consecutive additions of metal ions. The data was
normalized to the total ion count related to protein fragmentation peaks to allow for
comparison between both SlfB and SlfB-AuNP biohybrids.
All of the samples showed the presence of metal ions on the adsorbed proteins and
SlfB-AuNPs (Figure 4.34 (A) and 4.35 (A)). Therefore, the binding of NiCl2 and YCl3
to SlfB, both on a flat surface and as biohybrids with AuNPs, was confirmed. For the
individual metal ion solution NiCl2 generated a stronger signal than YCl3, both with
and without the AuNPs. When adsorbing only the SlfB protein, small contaminations
in the samples with the individual metal ions were present. Plotting the signal as a
percentage of the maximum signal for the individual solutions allowed to compare how
much of the maximum amount of metal ions bound was present in the consecutive
and mixed samples (Figure 4.34 (B)). Adding first 100 mM YCl3, then 100 mM NiCl2
resulted in the complexation of 72 % of the maximum amount of Ni2+. The reverse
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Figure 4.34: TOF-SIMS data for SlfB S-layer protein of L. sphaericus JG-A12 with 100 mM NiCl2
and 100 mM YCl3. (A) Data normalized to protein contents, (B) Percentage of indivicual
binding for NiCl2 or YCl3, (C) Percentage of collective binding of NiCl2 and YCl3 per
sample, and (D) total binding signal for each sample.
experiment (first adding 100 mM NiCl2, then 100 mM YCl3) resulted in only 32 % of the
maximum bound Y3+. In the 1:1 mixture 22 % (Ni2+) and 27 % (Y3+) were measured.
Plotting the collective added signal of both Ni2+ and Y3+ gave some interesting insight.
The consecutive measurements both resulted in less overall signal from the metal ions.
Adding 100 mM NiCl2 after 100 mM YCl3 resulted in a signal which was lower than
100 mM NiCl2 alone. And adding 100 mM YCl3 after 100 mM NiCl2 also resulted in a
lower signal than 100 mM YCl3 alone. Lastly the 1:1 mixture showed overall less signal
than either 100 mM YCl3 or 100 mM NiCl2 alone.
In the samples of only SlfB adsorbed to the flat gold surface, the introduction of
multiple metal ions competing for the binding sites, resulted in overall less binding,
when compared with the individual metal ions. This confirms the SPR data, where
also the mixture of nickel and yttrium led to less binding.
Adsorbing the SlfB-AuNP biohybrids showed some contaminations in the samples
with the individual metal ions (Figure 4.35 (B)). For the 100 mM NiCl2 sample this
resulted in up to 27 % of the maximum Y3+ signal being present. Adding 100 mM
NiCl2 after 100 mM YCl3 resulted in a 45 % of the maximum amount of Ni2+, and
20 % of the maximum Y3+ being present. First adding 100 mM NiCl2, then 100 mM
YCl3 produced enhanced binding of Y3+ of 176 % of the maximum from the 100 mM
YCl3 sample. In the 1:1 mixture 13 % (Ni2+)and 88 % (YCl3) were measured. Adding
100 mM NiCl2 after 100 mM YCl3 resulted in a signal which was lower than 100 mM
NiCl2 alone. Adding 100 mM YCl3 after 100 mM NiCl2 on the other hand resulted in
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Figure 4.35: TOF-SIMS data for SlfB-AuNP biohybrids with 100 mM NiCl2 and 100 mM YCl3. (A)
Data normalized to protein contents, (B) Percentage of indivicual binding for NiCl2 or
YCl3, (C) Percentage of collective binding of NiCl2 and YCl3 per sample, and (D) total
binding signal for each sample.
a higher signal than 100 mM YCl3 alone. Lastly, the 1:1 mixture showed overall less
signal than 100 mM NiCl2 alone, but more than 100 mM YCl3 alone.
The SlfB-AuNPs showed enhanced binding of Y3+ in the consecutive measurements
after 100 mM NiCl2 addition. A possible reason for this can be protein folding due
to the binding of the Ni2+ ions. From literature it is known the binding of metal ions
like Ni2+ can lead to changes in their secondary structure [139]. A different folding of
the S-layer proteins would possibly open up different binding sites for the Y3+ ions to
reach. Therefore, the initial binding of Ni2+ in this way enhances the binding of Y3+.
From the TOF-SIMS data the SlfB protein shows different behaviour on the flat
surface and the SlfB-AuNP biohybrids. The adsorption of proteins onto planar surfaces
can induce significant changes in the secondary protein structure, even resulting in the
loss of protein activity for enzymes [208]. Highly curved surfaces, like AuNPs, help to
retain the original structure of proteins [208]. Therefore from the TOF-SIMS data it is
suggested the SlfB-AuNPs pose a more promising sensor system, due to retaining the
natural protein structure and binding capability.
4.3.3 AFM characterization of recrystallized S-layer proteins
The AFM measurements were performed to characterize the S-layer lattices used for the
SPR measurements and the influence of different ions on the recrystallization. First,
the influence of divalent ions like Mg2+ and Ca2+ was tested (Figure 4.36). The recrys-
101
Chapter 4 Results and discussion
tallization of SlfB without any ions resulted in a structure of several patches of proteins
stitched together (Figure 4.36 (A)). There is no clear symmetric structure visible. This
findings are in line with the current understanding of the S-layer recrystallization. Stud-
ies have shown that the initial adsorption is quite fast, resulting in oligomeric precursor
patches which are needed for the subsequent reorganization into the symmetric struc-
tures, which can take up to 4 h [50, 81, 125]. The 20 min adsorption time used in the
experiments were simply not enough time to reorganize the oligomeric patches. Another
important point to consider is the need of divalent ions for the reorganization. Litera-
ture has shown, that divalent cations like Ca2+ are often needed for the reorganization
into the symmetric lattices [88, 123, 126]. Without these ions the patches possbily did
not undergo the necessary folding to form more symmetric structures. The addition of
10 mM CaCl2 (Figure 4.36 (B)) resulted in a more coarse surface structure, with less
distinct patches. Most likely, SlfB proteins were in the process of reorganization from
the initial oligomeric patches. Again the time used for the adsorption was simply not
long enough to allow for the formation of the symmetry. The addition of 10 mM MgCl2
for the recrystallization resulted in a similar overall pictures, with no distinct patches
being visible. In literature, the differences between MgCl2 and CaCl2 in their necessity
for the symmetric reorganization were reported [127].
Figure 4.36: AFM images of recrystallized SlfB on gold wafer. (A) 0.1 mg/ml SlfB, (B) 0.1 mg/ml
SlfB with 10 mM CaCl2, and (C) 0.1 mg/ml SlfB with 10 mM MgCl2.
Further experiments with different concentrations of YCl3 and the SPR protocol with
YCl3 were carried out, to determine wether or not the Y3+ ions influence the overall
lattice structure (Figure 4.37). The addition of 100 µM YCl3 resulted in less oligomeric
patches being visible. The higher concentration of 100 mM YCl3 showed a similar
result, with no patches and no symmetry being visible. The Y3+ ions are thought to
being able to interact with the Ca2+ binding sites of the S-layer proteins, which would
result in similar changes in the overall protein structure. However, there is no clear
similarity in the structures determined by AFM for these samples. Lastly, the sample
treated with the SPR protocol (10 mM MgCl2, washing with ddH2O and addition of
100 mM YCl3) resulted in a more smooth surface structure (Figure 4.37 (C)). The
longer incubation time of 60 min would give more time for the reorganization process.
However, this was still not sufficient to form the actual symmetry.
The AFM imaging gave interesting insights in the structure of the S-layer surfaces
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Figure 4.37: AFM images of recrystallized SlfB on gold wafer with YCl3. (A) 0.1 mg/ml SlfB with
100 µM YCl3, (B) 0.1 mg/ml SlfB with 100 mM YCl3, and (C) 0.1 mg/ml SlfB 10 mM
MgCl2, washing and addition of 100 mM YCl3.
used in the SPR spectroscopy and TOF-SIMS experiments. It seems even the longer
adsorption time of 60 min did not result in ordered symmetric lattices. Nevertheless,
these surfaces were able to bind metal ions, such as Cu2+, Ni2+ and Y3+. Therefore it
seems the symmetric organization is not needed for the biosorption process of the S-layer
proteins. The symmetry could still result in a better accessability of the binding sites
and therefore an overall higher metal ion binding capacity. For this to be determined
further studies with longer adsorption times would be needed.
4.4 Nanodiamonds-S-layer protein biohybrids
Finally, biohybrids of S-layer proteins with NDs were prepared to study another nano-
material for sensing with a different optical signal.
The conjugation of nanodiamonds and S-layer proteins was carried out by M.Sc.
Beatrice Musig during her Master thesis under my co-supervision. This work is included
in this dissertation because I contributed to the conception of the idea and to the
experimental setup. Furthermore, the work is an important addition to illustrate the
versatility of S-layer proteins for developing different sensor applications and enables
the comparison to the S-layer-AuNP biohybrids.
4.4.1 Characterization of NDs/SslA biohybrids
Initially, the nanodiamonds were stabilized by NaOH at pH 12, resulting in a size of
54± 2 nm (Figure 4.38). This was in line with the findings by Balakin et al. [294]. The
pristine nanodiamonds were stable at pH 12 for up to 16 weeks (see Appendix Figure
A.5.1). The zeta potential measurements also showed a stable colloidal solution with a
value of −42.3± 0.5 mV.
For the physical conjugation the nanodiamonds were mixed with varying concentra-
tions of SslA protein, similarly to the functionalization of AuNPs with S-layer proteins.
The adsorption of the SslA proteinresulted in an increase of the hydrodynamic diam-
eter from 54 nm to 85 nm (Table 4.2). Furthermore, the zeta potential was slightly
increased to -33.4 mV, at which the particles still were stable in the suspension.
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Figure 4.38: Size measurements of stabilized nanodiamonds. (A) DLS data, and (B) SEM image
[295].
The stability of the NDs/SslA biohybrids was examined with the salt test (Figure
4.39 (A)). At an excess of SslA protein (NDs/SslA weight ratio 0.2 and 0.4) the biohy-
brids remained stable, even after the addition of NaCl. At ratios of 1:1 or higher the
biohybrids were not stable anymore and the NaCl induced the agglomeration of the
nanodiamonds. The stability of the NDs/SslA biohybrids against the ionic destabiliza-
tion suggests a successful coverage of the surface with the proteins. Additionally, the
stability at different pH was tested (Figure 4.39 (B)). Similar to the salt test biohybrids
with an excess of SslA protein proved to be stable, even at lower pH, with only minor
size differences in pH 7. Higher ratios of NDs to SslA resulted in agglomeration at pH
7.
Table 4.2: Zeta potential and DLS measurements of pristine NDs, oligomeric SslA protein and
NDs/SslA biohybrids [295].
sample name Zeta-potential [mV] hydrodynamic diameter [nm]
pristine NDs −42.3± 0.5 54± 2.0
SslA oligomers −32.4± 3.0 50.6± 2.8
NDs/SslA biohybrids −33.4± 2.2 85± 3
Pristine nanodiamonds also tend to agglomerate at lower pH, which was evident
by the increase in average size measured by DLS (Figure 4.40 (A)). This is due to the
stabilization of the particles via ionic forces in the solution. At pH 12 the nanodiamonds
have a zeta potential of −42.3±0.5 mV, which is sufficient for a stable colloidal solution.
However, decreasing the pH changes the ionic environment, resulting in a decrease of
the repulsive forces between the nanodiamonds and subsequent agglomeration. In the
NDs/SslA biohybrids on the other hand, the nanodiamonds are not only stablized by
ionic forces, but also sterically. Furthermore, the S-layer proteins have different surface
structures and they are also stable at a lower pH (Figure 4.40 (B)). However, the S-layer
proteins used for the conjugation also only have a pH range at which they are stable.
At pH below 6 they also agglomerated, due to the changes of the environment. With
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an calculated pI of 5.11 the surface charge was equalized at this pH, resulting in the
agglomeration.
Figure 4.39: Stability of physical biohybrids of nanodiamonds and SslA against (A) ionic destabiliza-
tion by NaCl addition, or (B) pH change [295].
Overall, a higher amount of SslA protein used for the conjugation resulted in very
stable particles, which could be used for further tests.
Figure 4.40: pH stability of (A) pristine nanodiamonds, and (B) NDs/SslA biohybrids [295].
To further show the successful conjugation ATR-FTIR spectroscopy was performed
to determine the present chemical groups, and whether they change due to the con-
jugation (Figure 4.41). In the pristine nanodiamonds there were some characteristic
transmittance peaks. The weaker peak at 1635 cm−1 can be attributed to the C=O
or NH bend of amide I [288, 289]. The next intense peak at 1425 cm−1 was from
carboxylate groups present [288].
The SslA protein showed a characteristic protein spectrum with a strong peak of
the amide I stretch vibrations of C=O at 1633 cm−1 and amide II at 1531 cm−1.
The carboxylate peak at 1425 cm−1 was not present in the SslA sample, but another
peak just below 1400 cm−1 was present, which can be attributed to symmetric COO−
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Figure 4.41: ATR-FTIR spectroscopy of nanodiamonds, SslA, and NDs/SslA biohybrids [295].
stretching [112]. In the NDs/SslA biohybrids, the amide I band was found at 1633 cm−1,
again with amide II at 1531 cm−1. Furthermore, the symmetric COO− stretching peak
was found around 1400 cm−1, which was similar to the S-layer protein alone. Overal,
the NDs/SslA biohybrids showed IR spectra which have a strong similarity to SslA
alone. This suggests the proteins successfully covered the nanodiamonds.
Fluorescence was measured to test if the intrinsic luminescence of the nanodiamonds
is changed due to the conjugation with SslA (Figure 4.42). In the emission spectra
a broad fluorescence peak at 425 nm and a second shoulder at 465 nm were visible,
with decreasing fluorescence emission at higher wavelengths. The SslA protein also
showed a similar peak at 425 nm, and a less pronounced shoulder at 465 nm. Lastly,
the NDs/SslA biohybrids only exhibited the 425 nm emission peak, with the shoulder
not being visible. The emission spectra of the biohybrids change with respect to the
single components and have some similarity to the SslA spectra (strong 425 nm peak,
weak 465 nm shoulder).
Figure 4.42: Fluorsecence of NDs/Ssla biohybrids interacting with metal ions. (A) Emission spectra
of pristine nanodiamonds, SslA and NDs/SslA biohybrids with an excitation at 365 nm,
and (B) Excitation spectra of pristine nanodiamonds, SslA and NDs/SslA biohybrids,
with emission at 500 nm [295].
In the excitation spectra, the pristine nanodiamonds had a peak at 320 nm (Figure
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4.42 (B)). Both SslA alone and the NDs/SslA biohybrids exhibited highly similar exci-
tation spectra with two main peaks at 280 nm and 370 nm. The S-layer protein specific
absorbance was located in the region of 280 nm, which suggests this excitation peak was
also protein specific [42]. Therefore, the presence of SslA in the biohybrids was further
confirmed. The biohybrids resulted in a novel photophysical species, which shares a
higher similarity to SslA, than the pristine nanodiamonds. This was no surprise, due
to the surface coverage of the nanodiamonds with the S-layer proteins, which results
in mainly S-layer proteins being accessible on the surface and therefore also the main
source of fluorescence.
4.4.2 NDs/SslA interaction with CuCl2 and NiCl2
The biohybrids of nanodiamonds and SslA were also tested for their interactions with
metal ion solutions, namely CuCl2 and NiCl2. Previous studies with the SslA-AuNP
biohybrids have already shown the interactions of SslA with both CuCl2 and NiCl2.
However, differences in the adsorption of the protein to the nanodiamonds could also
lead to different functionalities.
Hydrodynamic diameter and zeta potential
Due to the characteristics of the nanodiamonds, the agglomeration by crosslinking
would not be visible in UV/Vis spectroscopy. Therefore, DLS was used for size measure-
ments and the Zeta potential was determined (Figure 4.43). The size of the biohybrids
changed, depending on the metal ion concentration. At the lowest measured concentra-
tions (0.315 mM CuCl2 and 0.341 µM - 0.0341 mM NiCl2), no size increase in relation
to the biohybrids without metal ions was measured for NiCl2 (89 nm), and a small
increase for CuCl2 (114 nm). The medium metal ion concentration (3.15 mM CuCl2
and 3.41 mM NiCl2) induced a strong size increase of above 1µm (1312 nm for CuCl2
and 4262 nm for NiCl2). While sizes above 1 µm can not be reliably determined by
DLS, the resulst still give strong indication of big agglomerates being present. The
highest metal ion concentrations (315 mM CuCl2 and 341 mM NiCl2) again resulted in
smaller agglomerates (437 nm for CuCl2 and 141 nm for NiCl2). To determine whether
the change in size was only due to the ionic strength of the metal ions solutions NaCl
with a comparable ionic strength of the medium sample was added. The addition of
NaCl did only result in a minor size increase to 97 ± 2 nm, suggesting the biohybrids
were still stable in solution and the agglomeration had other origins.
One possible explanation would be the surface charge changing with the metal ion
concentrations (Figure 4.43 (B)). The NDs/SslA biohybrids have an initial zeta poten-
tial of −33.35 ± 2.23 mV, which increases with the metal ion concentration. Already
the lowest concentration increased the zeta potential significantly (-10 mV CuCl2 and
-9 mV NiCl2), with the higher concentrations increasing also the zeta potential to +9
mV (3.15 mM CuCl2) and −5 mV (3.41 mM NiCl2), before reaching the maximum of
10.9 mV for 315 mM CuCl2 and 2.4 mV for 341 mM NiCl2. The addition of the metal
ions induced a charge inversion of the biohybrids, with a zeta potential closer to 0 at
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Figure 4.43: Interaction of NDs/SslA biohybrids with CuCl2 and NiCl2. (A) Hydrodynamic diameter
measured by DLS, and (B) Zeta potential [295].
the highest concentrations, resulting in the biggest agglomerates. High concentrations
of the metal ions lead to saturation of the metal ion binding sites on the S-layer pro-
teins, resulting in the difference in surface charge. However, the zeta potential alone is
not inducing the agglomeration. Adding the NaCl to the biohybrids resulted in a zeta
potential of −1.75 ± 0.11 mV, which would induce strong agglomeration if the biohy-
brids are only stabilized by charge. This is however not the case. Therefore, also steric
stabilization plays a major role and the agglomeration of the NDs/SslA biohybrids is
induced specifically by Cu2+ and Ni2+ ions.
This overall behaviour is very similar to the S-layer-AuNP biohybrids, as described
in Section 4.2.2 and by Lakatos et al. [55]. The SslA-AuNP biohybrids also interacted
with both Cu2+ and Ni2+ ions. These results suggest the physical conjugation of SslA
to the nanodiamonds does not change the metal ion binding capability of the S-layer
proteins, compared to the SslA-AuNP biohybrids. The colorimetric detection limits
were in the range of 0.1 mM Cu2+, which is slightly lower than for the NDs/SslA
biohybrids. However, the NDs/SslA biohybrids were a first proof-of-concept, and are
not optimized in any way. By optimizing the NDs system, most likely lower detection
limits would be reached.
Fluorescence emssion and excitation spectra
The current model for the reaction of SslA with the metal ions is based on surface
groups of the S-layer protein interacting with the ions. Changes on the surface of
the biohybrids are expected to also change the fluorescence. Therefore, both emission
and excitation spectra of the NDs/SslA biohybrids with the metal ions were measured
(Figure 4.44). Both CuCl2 and NiCl2 have a quenching effect on the biohybrids, re-
sulting in lower emission and excitation spectra. In the emission spectra no correlation
between the metal ion concentration and the fluorescence intensity is found. The excita-
tion spectra on the other hand show an proportional relationship at 280 nm excitation
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wavelength (λex). With an increase in the metal ion concentration the fluorescence
emission intensity decreases.
Figure 4.44: Fluorescence of NDs/Ssla biohybrids interacting with CuCl2 and NiCl2. (A) Emission
spetra with CuCl2 λex = 365 nm, (B) Excitation spetra with CuCl2 λem = 500 nm,
(C) Emission spetra with NiCl2 λex = 365 nm, and (D) Excitation spetra with NiCl2
λem = 500 nm [295].
This change in fluroescence (λex = 280 nm and λem = 500 nm) was plotted against
the metal ion concentration (Figure 4.45). Both Cu2+ and Ni2+ ions have a concentra-
tion dependent increase of the fluorescence quenching, resulting in higher fluorescence
difference values (more quenching) at higher metal ion concentrations. The differences
were more pronounced in the samples with CuCl2, than with NiCl2. Copper is known
to be an efficient agent for fluorescent quenching [296]. The difference in the overall
quenching intensity could be both due to a higher quenching by copper, or a higher
binding affinity of SslA for copper. Compared with the colorimetric SslA-AuNP biohy-
brid assay, the detection of Cu2+ and Ni2+ ions by measuring the fluorescence quenching
in NDs/SslA biohybrids resulted in lower detecion limits in the NDs. For both metal
ions already the lowest concentrations of 31.5 µM Cu2+ and 0.341 µM Ni2+ resulted in a
fluroescence difference and therefore quenching. Both systems interacted with the same
metal ions, suggesting the SslA metal binding characteristics did not change due to the
adsorption to the different nanomaterials. While the NDs/SslA biohybrids can offer a
higher sensitivity than the colorimetric assay, other factors like the sample handling,
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measurement procedure, selectivity and the possibility to distinguish different metal
ions have to be studied.
Figure 4.45: Fluorescence change of NDs/Ssla biohybrids interacting with CuCl2 and NiCl2 [295].
The dependency of the fluorescence quenching on the metal ion concentration opens
up the possibility to use the NDs/SslA biohybrids for sensing applications, similar to
current fluorescence systems [297]. For this purpose, the concrete mechanism behind
the fluorescence quenching, as well as the influence of additional factors like pH and
cross-reactivity, have to be determined in future studies. Non the less the proof-of-
concept has shown the potential of NDs/SslA biohybrids for metal ion detection in
water.
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5.1 Conclusions
Rare earth elements and heavy metals can cause environmental and health detriments.
Due to their use in a broad range of rapidly growing industries like microelectronics or
medical applications, their long retention time in the environment and the inadequate
remediation strategies for these metals, the pollution level increases. Therefore, effi-
cient monitoring systems for these elements are needed. Sensing of these metal ions in
water poses different challenges to sensitivity, selectivity and overall complexity of the
sampling process. The currently used techniques like ICP-MS or chemical assay kits
have some limitations, like expensive measurements, the limitation to detect only one
metal ion species and not a broad range, or the need for highly qualified personel for the
sample analysis. Nanomaterials have interesting characteristics, which can be exploited
to develop new sensors combining high sensitivity, simple measurement procedures and
a broad detection range. Especially biohybrid nanomaterials were shown to have a high
potential for cost effective and easy to use sensing assays.
In this Dissertation novel biohybrid sensors for the detection of REEs in water are
presented. All three systems utilize the metal binding capability of bacterial S-layer
proteins and the plasmonic (AuNPs and flat gold surfaces) or fluorescence properties
(NDs) of the nanomaterials. Before the biohybrid nanosystems preparation, the metal
tolerance binding by bacteria cells was confirmed, revealing the metallization of the cell
surfaces and flagella of L. sphaericus JG-B53 and S. ureae ATCC 13881. The bound
metals can be distinguished by comparison of the formed nanoclusters in SEM imag-
ing.
Afterwards, an innovative colorimetric sensor system based on S-layer-AuNP biohy-
brids was established. For the first time the successful functionalization of AuNPs with
eight different S-layer proteins was shown. With the biohybrid systems the detection
of REEs like yttrium and holmium, as well as heavy metals like copper and nickel was
achieved. The colorimetric detection is based on the metal ion mediated cross-linking
of several AuNPs. The decrease in interparticle distance can be measured via UV/Vis
spectroscopy as a shift of the plasmonic peak to higher wavelengths. The detection
limits of 3.33 · 10−6 mol/l Y3+ were in the range of comparable AuNPs systems for the
detection of heavy metals, while offering a broader range of possible analytes [293]. The
detection of single metal ion species in solution is possible by utilizing the characteristic
interaction patterns of the S-layer-AuNP biohybrids. Severel parameteres like pH and
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counterions were found to play a significant role in the detection.
Tests with yttrium spiked tap water were successful in detecting the metal ions, indi-
cating the potential use of the S-layer-AuNP biohybrids for water treatment applica-
tions. The S-layer-AuNP biohybrids can be stored for up to three months, retaining
the sensitivity for yttrium. Reusability of the S-layer-AuNP biohybrids after treatment
with EDTA and subsequent cleaning was shown. Even after several cleaning repe-
titions, the detection of yttrium with SlfB-AuNP was measured. A miniaturization
of the detection systems by reducing the used volumes still enabled the detection of
yttrium, therefore allowing further cost reduction. Cross-reactivity tests suggested a
concentration-dependent competition of Ni2+ and Y3+ ions for the same binding sites
on the S-layer proteins. ATR-FTIR data revealed a high probability of carboxylates
groups coordinating the metal ions and a change of the protein structure upon binding
the metal ions due to changes in the ratios of amide I and II.
The biohybrid systems were also able to detect the newly emerging pollutants lan-
thanum and gadolinium in concentration ranges present in industrial waste waters.
This facilitates further research towards sensing and remediation systems for waste wa-
ter treatment targeting these elements. No correlation was found between the protein
sequence identity and the metal binding capability of the S-layer proteins. Even S-layer
species with a high sequence identity interacted very differently with the tested metal
ions, suggesting further epigenetic factors like post-translational modifications influenc-
ing this characteristic.
The second system, S-layer proteins on flat gold surfaces, enabled the SPR spectroscopy
measurement of S-layer proteins binding to flat gold surfaces, resulting in a stable pro-
tein layer. The use of SslA and SlfB enabled the detection of CuSO4 and YCl3 with
detection limits of 5 · 10−5 mol/l CuSO4 and 1 · 10−9 mol/l YCl3. SPR data further
confirmed competition of Ni2+ and Y3+ for the same binding sites. The gold surface of
the SPR chips was regenerated using a cleaning protocol with nitric acid, resulting in
the successful reuse of the chips up to four times for multiple functionalizations with
S-layer proteins. TOF-SIMS revealed differences between S-layer proteins bound to
flat gold surfaces or AuNPs, change their binding capability, depending on the surface
curvature. On flat surfaces, the use of multiple metal ions, either consecutively or si-
multaneously, resulted in a overall decrease of the bound metal ions. Furthermore, it
seems Ni2+ ions were more efficient in replacing the previously bound Y3+ ions. On
S-layer protein bound to AuNPs, the incubation with nickel and subsequently yttrium
resulted in an increase of yttrium binding, when compared to tests using only yttrium.
This suggests that the nickel changes some characteristics of the S-layer proteins, most
likely resulting in a change in protein folding, which would open up new binding sites
for yttrium.
Nanodiamonds were used for the third sensor system, utilizing their rich surface groups
and fluorescence properties. SslA was successfully adsorbed to the pristine NDs. The
NDs/SslA biohybrids were used for the detection of CuCl2 and NiCl2, which induced
agglomeration, likely due to the cross-linking principle described for the S-layer-AuNP
biohybrids, and a concentration dependent change in fluorescence excitation spectra,
with fluorescence quenching increasing with the metal ion concentration.
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This doctoral dissertation has shown the tremendous potential of S-layer proteins for
the detection of REEs and metal ions in water, by utilizing different detection systems
like colorimetric AuNPs assays, SPR spectroscopy or nanodiamonds. The presented
systems were proven to compensate many of the drawbacks associated with currently
used systems. They detect a broad range of metal ions and therefore minimize the
need for multiple sensor assays. The sensitivity was comparable to current colorimet-
ric and chemical kit-systems, but did not reach the range of high-end techniques like
ICP-MS. The S-layer-AuNPs and NDs/S-layer biohybrids were fast and easy to handle,
minimizing the need for highly qualified personnel. Furthermore, the utilization of low
cost materials like NDs and the reusability of the biohybrids results in a cost effective
detection system.
5.2 Outlook
Developing sensor systems with S-layer proteins have proven to be an efficient and
promising way for the detection of REEs and metal ions in water. There are still
some points which need further studies. The interaction between metal ions and S-
layer proteins is still not completely understood and especially the interactions and
competition with multiple different elements in one solution needs more research.
Possible application fields lie in various environmental and monitoring systems, e.g.
for industrial or mining waste water. Easy to use detection devices using S-layer proteins
can be developed for field tests and possible contamination sites, either with liquids and
portable UV/Vis spectrophotometers, or paper based systems. With such devices the
regulatory environmental limits could be measured in real time during production and
mining processes, enabling the fast deployment of countermeasures like additional water
cleaning procedures and therefore preventing environmental and health ristik by REEs.
For a commercial application the functionalization protocol must be standardized
and scaled up. Using this standardized sensor solutions, a database with the known
interactions could be established. The database should be completed with variations
in counterions, pH and the different mixtures of the metal ions. From the database
it is also feasible to take steps for an automated sample analysis, by pattern recogni-
tion algorithms comparing the unknown sample measurements with the data sets of
known solutions, similar to the software solutions available for FTIR measurements.
Additionally, the sampling process (like the dilution rows) and even the whole mea-
surement procedure could be automated to an end where only the needed solutions
(the unknown sample, ddH2O for dilution and the S-layer-AuNP biohybrids) have to
be regularly refilled. Automatic pipetting devices are already available using minimal
equipment [298].
Besides the sensing applications, systems using S-layer proteins or whole cells for
the removal of metal ions from waste waters are a promising field for future research.
Some studies on composite materials combining S-layer proteins with ceramics proved
their potential [42]. An integration of S-layer proteins for sensor and actuator systems
would open up new applications, e.g. modular water cleaning. One possible application
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would be waste water treatment in industrial plants. With an automated sampling and
sample analysis system, the incorporation of a water treatment system, utilizing S-layer
protein, based on the detection of a critical threshold value, is possible.
This work aimed to further understand S-layers proteins and REEs detection tech-
niques. Possible solutions to problems that occur in this field and state-of-the art
detection methods were given, by presenting three biohybrid sensor system utilizing
S-layer proteins and nanomaterials. While these biohybrid sensors avoid the limita-
tions of most commonly used sensor applications and show promising results, they still
present a whole new set of challenges. Some approaches to solve these challenges and
optimized the systems in future research were given, but much remains to be done to
establish this new method.
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A.1 Metal tolerance
The metal tolerance studies with L. sphaericus JG-B53 and S. ureae ATCC 13881 were
performed with five metal salt solutions (CuSO4, Ho(NO3)3, Sm(NO3)3, YCl3 and
KAuCl4) and three concentrations (1 · 10−1, 1 · 10−2 and 1 · 10−3 mol/l. The different
concentrations of metal salts resulted in different pH ranges of the solutions (Table
A.1.1). Furthermore, the incubation of the bacteria with the metal salt solution resulted
in changes in the pH. In all samples the lowest concentration (1 · 10−3 mol/l) resulted
in an increase of the pH after incubation with the cells. The higher concentrations
on the other hand exhibited a decrease in pH after incubation with bacterial. Inn the
lowest concentration all samples showed bacteria growth, resulting in the excretion of
metabolic products. This in turn changes the pH, explaining the strong increase in pH.
In the higher concentrations less bacteria were alive, therefore also the pH changed less.
Table A.1.1: pH values of metal salt solutions of different concentrations incubated for two days with
bacteria cells of L. sphaericus JG-B53 and S. ureae ATCC 13881 [259].
concentration no cells L. sphaericus S. ureae
[mol/l] JG-B53 ATCC 13881
CuSO4 1 · 10−1 4.01 3.92 3.89
1 · 10−2 4.55 4.23 4.19
1 · 10−3 5.01 5.40 5.82
Ho(NO3)3 1 · 10−1 6.42 5.06 5.29
1 · 10−2 6.15 5.02 4.77
1 · 10−3 6.27 5.52 6.64
KAuCl4 1 · 10−1 2.73 2.23 2.19
1 · 10−2 3.14 3.03 3.11
Sm(NO3)3 1 · 10−1 5.18 4.00 4.24
1 · 10−2 5.34 4.19 4.28
1 · 10−3 5.25 7.34 6.42
Y Cl3 1 · 10−1 4.82 4.06 4.37
1 · 10−2 5.13 4.59 5.09
1 · 10−3 5.09 6.10 6.37
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A.2 Influence of AuNPs concentration on the detection of
YCl3
There are several ways to adjust the sensitivity of a colorimetric AuNPs sensors. The
functionalization can be changed or the AuNPs size. Although these methods have
been shown to work for some systems, they have the disadvantage that further changes
to the system are required. An elegant solution is to reduce the AuNPs concentration
in the sensor solution. When the concentration of the sensor solution is reduced (from
A525 = 1 to A525 = 0.1), the sensitivity increases(Figure A.2.1 (A)). At A525 = 1, the
red shift of the plasmon maximum due to AuNPs agglomeration was first visible at a
Y3+ concentration of 2.5 mM. The decreased concentration of A525 = 0.1 resulted in
agglomeration being visible already at 0.1 mM Y3+. The increase in sensitivity is due
to a decrease in the total number of AuNPs present in the solution. Less AuNPs also
means less overlap of the agglomerated and unagglomerated particles. The number of
agglomerated AuNPs is likely to be the same in both solutions, but the higher AuNPs
contain more nonagglomerated particles, which are therefore visible in the UV/Vis
spectra.
Figure A.2.1: Influence of SlfB-AuNP biohybrids concentration on the detection of YCl3. (A) Differ-
ent concentrations measured in 1 ml volume (B) Miniaturization of YCl3 detection to 10
µl volume. Position of the plasmonic peak plotted against the metal ion concentration.
The combination of both concentration decrease and miniaturization would optimized
the ressource efficiency of the assay. However, the low concentration of the AuNPs in
solution at A525 = 0.1 resulted in more noise at the absorption measurements with
the NanoDrop (Figure A.2.1 (B)). The noise leads to no interaction pattern being
visible, and therefore the inability to clearly detect the metal ions. Further research in
this direction is needed to determine the optimal balance of AuNPs concentration and
solution volume for the sensing application.
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A.3 Reusability of SslA and SlfB biohybrids interacting with
CuCl2
For the reusability the interaction of SslA-AuNP biohybrids with CuCl2 was docu-
mented, then EDTA was added and, after an incubation time the SslA-AuNP biohy-
brids were purified by removing the EDTA. The reusability of the same SslA-AuNP
biohybrids for the CuCl2 detection, even after multiple purification steps with EDTA,
was examined. The results are shown in Figure A 4.3.1. The UV/Vis absorption spectra
show that the initial addition of 100 mM CuCl2 resulted in strong plasmon peak shift
towards a higher wavelength from 524 nm to 547 nm. The addition of 10 mM EDTA
resulted in a shift back to the starting value of 523 nm. After cleaning the SslA-AuNPs
and resuspension in ddH2O to get rid of the EDTA, the peak position stays the same
(524 nm). The second addition of 100 mM CuCl2 again resulted in an even stronger
shift of the plasmonic peak to a maximum position of 591 nm. The second cleaning
reversed the peak shift to nearly the initial value (527 nm), also after resuspension in
ddH2O. The last addition of 100 mM CuCl2 shifted the plasmonic peak to 592 nm.
Figure A.3.1: Reusability test of SslA-AuNP biohybrids interacting with CuCl2 after cleaning with
EDTA. (A) UV/Vis spectra of each step. (B) Position of the plasmonic peak. (C)
Shift of the plasmonic peak in relation to the initial UV/Vis absorption spectrum of
SslA-AuNP without CuCl2. (D) Maximum absorption values at the plasmonic peak for
each step.
From the UV/Vis spectra we can clearly see the peak shift due to the agglomeration
of AuNP based on the interaction of CuCl2 with SslA. Clearly a de-agglomeration is
taking place when EDTA is present. EDTA is a very strong chelating agent, which
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competes with the binding sites of the S-layer proteins and coordinates the Cu2+ ions.
Without the ions bound to the S-layer no crosslinking is taking place and therefore no
agglomeration is visible. After cleaning the solution from EDTA, the binding sites of
the S-layer proteins are still available, therefore the system can be used again for the
detection of CuCl2.
The UV/Vis absorption spectra of cleaned SslA-AuNP biohybrids interacting with
CuCl2 were different from the initial ones. After purification, the shift of the plasmonic
peak was stronger and the shoulder around 528 nm was less pronounced. The reason
for this is a change in the SslA-AuNP concentration. For the cleaning the solution
was centrifuged and resuspended in a new solution. In the test the same volume,
as the initial solution, was used for resuspension. Nevertheless, during centrifugation
not all the SslA-AuNP sedimented, some remained in the solution and got discarded.
Therefore, the concentration of SslA-AuNP decreased with each cleaning step, which
is evident by the decrease in maximum absorption values (Figure A 4.3.1 (D)). This in
turn changes the ratio of Cu2+ ions to SslA-AuNPs, resulting in more ions per AuNP.
This overall leads to a stronger peak shift, because more crosslinking can take place.
The shoulder at 528 nm suggests not all biohybrids are agglomerated. The relative
decrease of the should in the purified samples suggests the later samples had a higher
percentage of agglomerated AuNPs.
Figure A.3.2: Reusability test of SlfB-AuNP biohybrids interacting with CuCl2 after cleaning with
EDTA. (A) UV/Vis spectra of each step. (B) Position of the plasmonic peak. (C)
Shift of the plasmonic peak in relation to the initial UV/Vis absorption spectrum of
SlfB-AuNP without CuCl2. (D) Maximum absorption values at the plasmonic peak for
each step.
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Additionally, the reusability of SlfB-AuNP biohybrids for CuCl2 detection, even after
multiple purification steps with EDTA, was studied in the same way (Figure A 4.3.2).
The UV/Vis absorption spectra show that the initial addition of 100 mM CuCl2 resulted
in plasmon peak shift towards a higher wavelength from 522 nm to 535 nm. The addition
of 10 mM EDTA resulted in a shift back to the starting value of 523 nm. After cleaning
the SlfB-AuNPs and resuspension in ddH2O to get rid of the EDTA, the peak position
stays the same (523 nm). The second addition of 100 mM CuCl2 again resulted in
an even stronger shift of the plasmonic peak to a maximum position of 585 nm. The
second cleaning reversed the peak shift to nearly the initial value (526 nm), also after
resuspension in ddH2O. The last addition of 100 mM CuCl2 shifted the plasmonic peak
to 584 nm.
From the UV/Vis spectra we can clearly see the peak shift due to the agglomeration
of AuNP based on the interaction of CuCl2 with SslA. Clearly a de-agglomeration is
taking place when EDTA is present. EDTA is a very strong chelating agent, which
competes with the binding sites of the S-layer proteins and coordinates the Cu2+ ions.
Without the ions bound to the S-layer no crosslinking is taking place and therefore no
agglomeration is visible. After cleaning the solution from EDTA, the binding sites of
the S-layer proteins are still available, therefore the system can be used again for the
detection of CuCl2.
The UV/Vis absorption spectra of cleaned SlfB-AuNP biohybrids interacting with
CuCl2 were different from the initial ones. After purification, the shift of the plasmonic
peak was stronger and the shoulder around 528 nm was less pronounced. The reason for
this is the decrease in the SlfB-AuNP concentration and the change ratio of Cu2+ ions
to SslA-AuNPs, as discussed for SslA-AuNP biohybrids before. The shoulder at 528 nm
suggests not all biohybrids are agglomerated. The relative decrease of the should in the
purified samples suggests the later samples had a higher percentage of agglomerated
AuNPs.
Overall, the reusability test have shown the S-layer-AuNP biohybrids can be reused
multiple times for the detection of several metal ions. The binding sites remain intact
even after purification steps and can be targeted again.
A.4 Linearity of the SPR signal
The linearity of the SPR signal was tested by addition of increasing concentrations of
MgCl2 (Figure A.4.1). The SPR signal exhibited a good linear correlation of SPR signal
and MgCl2 concentration (correlation-coefficient R2 = 0.9944). Furthermore, no signif-
icant difference between the three different measurement channels was observed. The
stability of the system was confirmed by the fact that before and after the concentration
series the signals were reproducible.
119
Appendix A Supplementary data
Figure A.4.1: Linearity of the SPR-signal at different concetrations of MgCl2.
A.5 Stability of pristine NDs at different pH
Pristine NDs are only stabilized by ionic forces [294]. Therefore, changes in the solution
can lead to rapid agglomeration of the NDs. During the experiments the stability of
the pristine NDs at two different pH values (9 and 12) was studied (Figure A.5.1).
The pristine NDs stabilized at pH 12 had an initiall agglomerate size of nearly 55
nm diameter. After 12 weeks storage there was a slight increase in agglomerate size to
roughly 60nm, with a more pronounced increase after 19 weeks to 70 nm diameter. The
pristine NDs stored at pH 9 had bigger agglomerates of 100 nm from the start of the
experiments. During storage the size continually increased up to 225 nm agglomerate
diameter after five weeks. Overall the higher pH resulted in a better stabilization of
the pristine NDs over a longer period of time.
Figure A.5.1: Colloidal stability of pristine nanodiamonds at pH 12 (A) or pH 9 (B) [295].
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